Diagenesis of the Pennsylvanian Tensleep sandstone and its control over reservoir quality, South Caspar Creek oilfiel, Natrona County, Wyoming by Akhtar, Muhammad Khurshid
T-3955
DIAGENESIS OF THE PENNSYLVANIAN TENSLEEP SANDSTONE 
AND ITS CONTROL OVER RESERVOIR QUALITY,
SOUTH CASPER CREEK OILFIELD,
NATRONA COUNTY, WYOMING
by




INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10783648
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
T-3955
A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines 
in partial fulfillment of the requirements for the degree of Master of Science (Geology).
Golden, Colorado




Dr. Richard F. Wendlandt 
Thesis Advisor
Golden, Colorado
Date if, m i
Associate Professor and Acting Head





This research presents a stratigraphic and petrologic study of the Pennsylvanian Tensleep 
Sandstone in South Casper Creek field, Wind River basin, Wyoming. The study of lithology and 
sedimentary structures in twelve subsurface cores reveals that the Tensleep Sandstone in the South 
Casper Creek area consists of interbedded eolian to near-shore marine sandstones and subtidal- 
to-coastai dolomites. Cycles of these sandstones and dolomites record the rise and fall of sea level 
on the Wyoming shelf during Pennsylvanian times. Five lithofacies characterized by different mineral 
compositions and internal sedimentary structures are identified. Detailed petrographic analyses of 
the core samples from South Casper Creek field show ten diagenetic events representing three 
distinct diagenetic environments. Leaching of high-Mg calcite grains and early calcite cementation, 
fine-grained dolomitization, silica cementation, and poikitotopic calcite cementation occurred in near 
surface diagenetic environments. Burial diagenesis of the Tensleep Sandstone includes ferroan 
calcite cementation, recrystallization of early dolomite cement and clay precipitation. Fracture filling 
calcite cement, pyrite cementation and hydrocarbon emplacement followed the Laramide orogeny 
in the South Casper Creek field area representing the final diagenetic environment. Diagenetic 
alterations observed in each lithofacies suggest that the diagenesis in Tensleep Sandstone was 
primarily controlled by depositional environments.
Five different porosity types that include intergranular primary porosity, intergranular 
dissolutional porosity, intragranular dissolutions porosity, microporosity and fracture porosity are 
recognized in the petrographic study of the Tensleep core samples. It is inferred that the Tensleep 
Sandstone lost the bulk of its original porosity by early cementation prior to any significant 
mechanical compaction of framework grains. The majority of the present-day porosity of Tensleep 
Sandstone was created by dissolution of detrital quartz and K-feldspar grains and carbonate 
cements in the grain flow stratifications in cross-bedded eolian sandstones. Porosity generally 
decreases with increasing depth of burial. Point count data show that the low porosity values with 
increasing depth are related to increasing contents of dolomite cements with depth. Authigenic
iii
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quartz and calcite cements and partially cemented open tectonic fractures are other factors 
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The South Casper Creek field (Figures 1.1 and 1.2) is located in parts of Sections 2 and 3 of 
Township 33N, Range 83W, and Sections 33 and 34 of Township 34N, Range 83W, Natrona County, 
Wyoming. This study area lies towards the southeastern edge of the Wind River basin, 25 miles 
west of Casper, Wyoming.
The Pennsylvanian Tensleep Sandstone, which has an average thickness of 325 ft in South 
Casper Creek field, has been a dominant petroleum reservoir unit since its discovery in 1922. The 
main reservoir parameters are listed in Table 1.1. The low producibility from this field is accounted 
for by the heavy (low API gravity) oil and presence of reservoir heterogeneities that limit drainage 
to the borehole. Core studies by Chen (1976,1982), Tanean (1991) and this study indicate different 
vertical and horizontal permeability zonation throughout the reservoir, representing the combined 
effect of depositional facies and diagenesis of the Tensleep Sandstone. Porosity and permeability 
in sandstone reservoir rocks can be profoundly affected by diagenetic alterations (Hayes, 1979). 
These alterations are mainly controlled by mineral composition, burial history (temperature and 
pressure), age, fabric, sediment geometry and fluid chemistry (Brenner, 1979; Stonecipher et al., 
(1984).
1.2 Purpose and Objectives
The objectives of this study are to:
1) Conduct a detailed petrographic analysis and develop an original diagenetic model for the 
Tensleep Sandstone in the South Casper Creek field;
2) Evaluate the geological factors controlling diagenesis; and
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Figure 1.2. Contour map showing structure on top of Tensleep horizon in South 
Casper Creek Field, Natrona County, Wyoming.
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TABLE 1.1
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(Gamma Ray Cutoff 70%)






Oil Viscosity @ 90°F Reservoir Temperature 
Reservoir Pressure 
Driving Mechanism 
Number of Active Wells
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Current Oil Production (3/91)
Current Water Production 
Original Oil in Place 
Remaining Oil in Place (3/91)
Cumulative Production (3/91)
PennsylvanianT ensleep Sandstone 
1922
2.500 ft





















(Source: Operator, Monthly Report, March 1991)
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This information may help enhance petroleum production from this field by providing:
1) A better understanding of diagenetic controls on reservoir quality:
2) Mineralogical data essential for future field development, including enhanced oil recovery 
projects by steam injection; and, finally
3) Comparison to other studies of the Tensleep reservoir diagenesis and quality and by
developing a regional diagenetic model for the Tensleep in the Rocky Mountain region.
1.3 Previous Work
Most of the published work on the Pennsylvanian system of Wyoming deals with the lithological 
descriptions and problems of age, terminology and facies correlation. These works include studies 
by: Darton (1904), Branson (1939), Thomas (1951), Agatston (1954), Henbest (1954), Verville (1957), 
Hoare and Burgess (1960), Burgess (1961), Williams (1962), Wilson (1962), Mallory (1967, 1972), 
Houlik (1973), Reynold et al. (1976), Mankiewicz and Steidtmann (1979), Fryberger (1983, 1984), 
Rittersbacher (1985) and Wheeler (1986). These studies are briefly described under "Stratigraphic 
Framework" of the Study Area in Chapter 2.
As a large number of prolific Tensleep oil fields are concentrated in the Bighorn basin, most 
of the studies mentioned above have been conducted in the vicinity of Bighorn basin in northern 
Wyoming. In comparison to sedimentological work, very few diagenetic studies have been con­
ducted and they too are not directly related to the study area.
Todd (1963, 1964) studied the post-depositional history and conducted a petrologic study of 
the Pennsylvanian rocks in the Bighorn basin. He briefly documented the mineralogy of the 
Tensleep Sandstone. In his modal analyses, he recognized detrital quartz and feldspar grains, 
along with quartz overgrowth and authigenic anhydrite and dolomite cements. He concluded that 
the present distribution of authigenic cements in the Tensleep Sandstone is the product of both 
depositional environments and subsequent redistribution of earlier authigenic cements by a renewed 
hydrodynamic system created by Laramide disruption. He favored the hypothesis of pre-Laramide 
hydrocarbon migration into the Tensleep Sandstone reservoirs in Bighorn basin.
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Fox et al. (1975) conducted a regional study of porosity variation in the Tensleep Sandstone 
and its equivalent, the Weber Sandstone, in western Wyoming. They concluded that porosity de­
creases with increasing depth. The authors related this phenomenon to the distribution of 
authigenic cements. Their study revealed that the quartz overgrowths increase in abundance with 
increasing depth, whereas the amount of dolomite cement decreases with increasing depth. In 
addition to dolomitic and silica cements, they also recognized syndepositional dolomite mud, pore 
filling poikilotopic calcite and disseminated pyrite crystals as authigenic phases in the Tensleep 
Sandstone.
Chen (1976) carried out a petrographic study of the Tensleep Sandstone core from well 
#USA38 in the South Casper Creek field. In 1982, he undertook a detailed geological study of the 
Tensleep Sandstone reservoir in the same field involving electrical log interpretation and 
conventional thin section petrography, scanning electron microscopy and x-ray diffraction analysis 
of scattered samples taken from cores from 11 different wells in the field. Chen, in these UNOCAL 
proprietary studies, distinguished different lithologic facies and recognized some diagenetic events. 
He attempted to relate the reservoir properties with the depositional facies and diagentic events. 
The results of his modal analyses, and subsequent recognition of diagentic events, could not be 
incorporated in the present study as mineral staining techniques were not used in Chen’s studies. 
Thus, the reported amounts of feldspars are far below the values established in this study. The 
recognition of different phases of carbonate cement may also have not been accomplished without 
staining the thin sections for carbonates.
Mankiewicz and Steidtmann (1979) studied the sedimentology and diagenesis of the Tensleep 
Sandstone in the eastern Bighorn basin. They suggested that the clastic sabkha and coastal dune- 
interdune depositional environments and tectonism were the main factors controlling diagenetic 
alterations in the Tensleep Sandstone. They proposed a paragenetic sequence where early 
cementation by anhydrite and dolomite was related to the chemistry of the subsurface waters in the 
sabkha environments. Later diagenetic events were subdivided into pre- and post-hydrocarbon
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accumulation phases where feldspar and quartz overgrowths and rhombic dolomite were pre­
cipitated as authigenic cements. This later alteration was related to tectonic arching during Jurassic 
times and the late Cretaceous Laramide orogeny. The authors also synthesized chemical analyses 
of surface and subsurface formation waters and established present stabilities of different authigenic 
minerals within the Tensleep Sandstone.
Mou and Brenner (1982), in their diagenetic study of the Tensleep Sandstone in Lost Soldier 
field in the Great Divide basin, recognized nine different diagenetic events. They related these 
events to four specific depositional facies and concluded that a good correlation exists between 
these facies and reservoir porosity and permeability. The authors recognized hydrocarbon migration 
and accumulation as the last diagenetic event that terminated any further chemical diagenetic 
alterations.
Nordstog (1982) studied the petrology of the Upper Tensleep Sandstone in the Rawlins uplift/ 
Ferris Mountain area, Wyoming. He recognized microcrystalline dolomite and anhydrite as synsedi- 
mentary cements followed by quartz, potassium feldspar, calcite and clay cementation. He regarded 
the present-day porosity in the Tensleep Sandstone as the result of dissolution of intergranular 
calcite and dolomite cements and natural fracturing of the Tensleep Sandstone during Laramide 
deformation.
Edman and Surdam (1984) in their diagenetic study of the Tensleep Sandstone reservoir in Tip 
Top Field, Wyoming, recognized two distinct episodes of diagenesis. In the earlier episode, calcite 
cement and quartz overgrowths were precipitated by fluid-rock interaction both in near-surface and 
during burial of the Tensleep Sandstone. The interpretation was that this earlier episode controlled 
the reservoir porosity at the time of hydrocarbon migration as this episode was immediately followed 
by hydrocarbon migration. The authors recognized the second episode of diagenesis as post­
hydrocarbon migration where authigenic dolomite and pyrite were precipitated.
Patterson et al. (1986), in their diagenetic study of the Tensleep Sandstone in the Bighorn basin, 
identified very little early cementation. They concluded that the porosity destruction in the Tensleep
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Sandstone was mainly the result of compaction due to regional burial, and subsequent pore filling 
anhydrite cementation. They also concluded that the present day porosity of the Tensleep 
Sandstone is the result of late-stage dissolution of this anhydrite cement.
The remaining work done on the Tensleep Sandstone in Wyoming includes a series of mapping 
theses completed at the University of Wyoming. The theses by Heisey (1949), Lawson (1949), 
Weimer (1949), Cooper (1951), Carpenter (1951), Barlow (1953), Allspach (1955), and Guyton (1960) 
provide stratigraphic descriptions of measured sections of the Tensleep Sandstone exposed in 





The Tensleep Sandstone was first named at the type locality in the Tensleep Canyon, Washakie 
County by Darton (1904). He divided the strata overlying the Mississippian Madison Limestone and 
underlying the Permian Goose Egg Formation into the Amsden Formation and the Tensleep Sand­
stone. Agatston (1954) recommended that the Tensleep be given formation status and redefined 
its limits. Wilson (1962) and Todd (1963, 1964) reviewed the evolution of Pennsylvanian 
nomenclature and stratigraphic interpretations and made few modifications to Darton’s original 
work. The nomenclature used in this study follows that adopted for the Wind River basin by several 
researchers including Agatston (1954), Williams (1962) and Mallory (1967) (Figures 2.1, 2.2).
The Tensleep Sandstone in west-central Wyoming overlies the Mississippian Amsden Formation 
conformably, whereas the upper contact with the Permian Phosphoria Formation is marked by an 
erosional unconformity (Keefer 1965; Mallory 1967; Stone 1967; Fox et al., 1975). The Tensleep 
strata are best exposed in the Wind River and Bighorn basins, where it ranges from 50 to over 300 
ft thick. In the South Casper Creek field, the Tensleep ranges from 295-366 ft thick (Chen, 1982). 
In this study the upper and basal contacts of the Tensleep Sandstone are established on the basis 
of well log measurements (gamma ray and density). These contacts closely match the formation 
boundaries reported in the completion reports of drilled wells.
Fossil evidence in dolomite beds in the lower Tensleep in the Bighorn basin, fusulinid age 
determinations by Henbest (1954, 1956) and brachiopod studies by Brainerd and Keyte (1927) and 
Hoare and Burgess (1960) indicate the Tensleep to be Desmoinesian in age. The upper part of the 
Tensleep is relatively unfossiliferous and, thus, difficult to date. Verville (1957) reported Wolfcampian 
fusulinids near the top of the Tensleep on the southeastern flank of the Bighorn Mountains. A 
Wolfcampian age for the upper Tensleep is also documented by conodont studies (Rhodes 1963). 
Thomas (1951), Mallory (1967, 1972) and Moore (1984) suggested that the upper part of the
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Tensleep may be as young as Missourian, Vergilian and perhaps Wolfcampian in central Wyoming. 
Mallory (1967) ascribed only Desmoinesian age for the entire Tensleep in the Wind River basin.
2.1.1 Depositional History
The Pennsylvanian rocks in Wyoming are characterized by marked facies changes over relative­
ly short distances during the same-time intervals, indicating distinct paleogeographic changes and 
associated shifts in the environment of deposition (Thomas 1949).
2.1.1 A Desmoinesian Depositional Facies
After deposition of the Ranchester Limestone Member of the upper Amsden Formation, most 
of Wyoming was a broad platform, beneath a shallow, regressing sea on the western margin of the 
North American craton and on the eastern limits of the Cordilleran miogeosyncline. Large quantities 
of sand were supplied to the western two-thirds of the state where, for the most part, Desmoinesian 
Tensleep sediments were deposited in supratidal to shallow water environments across a coastal 
plain (Mallory 1967).
The basal Tensleep in the Granite Mountain area, which is Desmoinesian, is interpreted as 
representing deposition of several transgressive on-lap cycles, each beginning with beachface sand 
and terminating with carbonate shoal deposits (Reynold et al. 1976).
Based on the outcrop studies in western Wyoming, Houlik (1973) proposed that the Tensleep 
was deposited in a variety of environments including coastal sabkha (laminated dolomite), 
siliciclastic sabkha (laminated sandstones), and dune field (cross-bedded sandstones) in a near 
shoreface setting. Mankiewicz and Steidtmann (1979), based on outcrop and subsurface core 
studies in the Bighorn basin, divided the Tensleep Sandstone into distinct upper and lower units. 
They concluded that the Lower Tensleep was deposited in siliciclastic sabkha environments whereas 
deposition of the Upper Tensleep took place in coastal eolian dune and associated interdune 
environments.
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Rittersbacher (1985) and Wheeler (1986) identified sandstone/carbonate cycles in the Tensleep 
Sandstone. They interpreted these cycles to be the result of relative sea level changes during 
deposition of the Tensleep. The present study (Chapter 4) is in general agreement with the 
depositional model proposed by Rittersbacher (1985), Wheeler (1986), and Mankiewicz and Steidt­
mann (1979) but presents more evidence based on cathodoluminescence studies.
Desmoinesian facies in eastern and southern Wyoming represent relatively deeper waters as 
evidenced by increasing proportions of carbonates in the Hartville and Minnelusa Formations in the 
east and Casper and upper Morgan Formations in the south (Figure 2.3).
In southern Wyoming, arkosic sands and gravels of the Fountain Formation suggest that 
sediments were derived from the northeastern end of the ancestral Front Range Uplift during 
Desmoinesian times.
2.1.1B Missourian Depositional Facies
Rocks of Missourian age are absent in western and central Wyoming except for the 
easternmost parts of the Bighorn and Wind River basins (Figure 2.4). The Bighorn-Wind River 
platform was subjected to alternating submergence and emergence during Desmoinesian and 
Missourian times and was completely emergent in Virgilian time (Mallory, 1967). The absence of 
Missourian strata in this large area is attributed to either the lack of deposition during its emergence 
or, if shallow marine and coastal plain deposits were received, subsequent erosion in Late 
Pennsylvanian time.
As the sand supply, presumably derived from the Desmoinesian Tensleep of the Bighorn-Wind 
River platform, diminished and the Pathfinder uplift gradually subsided, Missourian carbonate 
sedimentation spread westward resulting in depositional onlap onto sandstone in central Wyoming 
(Mallory, 1967). The limited extent of arkose deposition in the Laramie basin (southeastern 
Wyoming) suggests a progressive reduction of uplift for the northern end of the ancestral Front 
Range after Atokan time (Mallory, 1967).
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Reynold et al. (1976) recognized six regressive cycles within the Tensleep occurrences located 
south of the study area in the Granite Mountains. They interpreted sandstone deposition to be in 
shoreface and foreshore environments.
2.1.1C Virgilian Depositional Facies
Conditions in Virgilian times were similar to those in the Missourian. The Bighorn-Wind River 
platform was emergent and the Pathfinder Uplift was completely submerged. These conditions are 
indicated by the progressive facies change from sandstone to limestone towards northeast Wyoming 
(Figure 2.5). Virgilian strata, like those of Missourian age, are also absent in western and central 
Wyoming. The western limit of Virgilian strata closely parallels the limit of Missourian rocks. Mallory 
(1967) explained this relationship as evidence of post-Pennsylvanian bevelling. Lithological relation­
ships in Virgilian time are also a continuation of those in Missourian. Quartzitic Tensleep Sandstone 
on the eastern margins of the Bighorn and Wind River basins grades eastward and southeastward 
into carbonate rocks of the Minnelusa, Hartville, and Casper formations. A small amount of arkosic 
sediment, shed from the northeastern end of the Ancestral Front Range, was deposited near Red 
Buttes, south of Laramie. Reynold et al. (1976) Interpreted the uppermost part of the Tensleep in 
the Granite Mountain area as an eolian sandstone that grades laterally into intertidal and foreshore 
deposition.
Summarizing the geologic history of Wyoming during Pennsylvanian times, Thomas (1949, 
1951) suggested that the sea attained its maximum extent fairly early in Pennsylvanian 
(Desmoinesian) time and retreated eastward through later Pennsylvanian time, restricting younger 
beds to eastern Wyoming. Central Wyoming became emergent during late Pennsylvanian time and 
the state was completely emergent early in Permian time. In middle Permian, an arctic sea 
encroached from the north. Deposition continued over this stable platform until disruption by the 
Laramide Orogeny. Approximately 12,000 ft of sediments had accumulated in the eastern part of 
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The Wind River basin is a broad structural depression bounded by the Wind River Range on 
the west, the Washakie Range and the Owl Creek and southern Bighorn Mountains on the north. 
The Wind River basin and its bounding uplifts represent foreland deformation features that formed 
during Laramide Orogeny: the Laramide Orogeny began in late Cretaceous time and extended into 
late Eocene time (Wilmarth, 1938; Tweto, 1975). The structurally deepest part of the basin is close 
to the Owl Creek and Bighorn Mountains on the north and to the Casper Arch on the east (Figure 
2 .6).
The South Casper Creek oilfield occurs in a northwest-southeast trending asymmetric anticline 
that is superimposed on a larger faulted anticlinal trend, the Pine Mountain-Oil Mountain fold. This 
tectonic feature is associated with the Casper Arch which separates the Wind River basin from the 
Powder River basin in northeastern Wyoming. The thrust fault at the base of the Pine Mountain- 
Oii Mountain fold dips to the northeast and is the continuation of the major South Owl Creek fault. 
Maximum structural relief on the upper surface of the Pre-Cambrian basement, between the crest 
of the Casper Arch and the adjacent Wind River basin trough, is about 20,000 ft (Keefer, 1970). The 
folding and evolution of anticlinal structures and associated faults on the Casper Arch, including 
the South Casper Creek anticline, are believed to be the result of minor movements in the late 
Eocene that were renewed after the closure of Laramide deformation in early Eocene (Keefer, 1970).
The Laramide Orogeny caused a major disruption to the chemical evolution of Paleozoic 
formation waters, resulting in changes with respect to mineral diagenesis in those formations 
(Nordstog, 1982). In addition to creating new conduits for meteoric water influx through surface 
exposures of these rocks, depths of burial and formation temperatures and pressures were de­
creased. Fracturing caused by Laramide deformation may also have contributed to mixing of the 
Tensleep formation waters with fresh meteoric waters.
Lastly, episodes of emergence and erosion of the Bighorn-Wind River platform during late 
Pennsylvanian and Permian times, when the Tensleep was still exposed or present at very shallow
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depths (Mallory, 1967), may also have affected diagenetic processes, including cementation, 




In order to evaluate the characteristics and different factors controlling the diagenesis of the 
Tensleep Sandstone, and their combined influence on reservoir porosity and permeability, two sets 
of analyses have been made: stratigraphic and petrographic.
3.1 Stratigraphic Analysis
Two cores, one from well No. 3-13-34 located In the northern dome and the other from well No. 
10-6-3 in the southern dome, were selected for detailed stratigraphic and petrographic analyses 
(Figure 1.2). The cores were chosen because they represent the maximum cored intervals through 
the Tensleep Sandstone and, therefore, enable comparing lithologic and petrographic characteristics 
that may have caused different reservoir qualities and producibility rates to develop in these two 
adjoining domes. These cores were described in terms of lithology, texture, bedding thickness, 
sedimentary structures, and bedding plane geometries (Plates 1 and 2). These descriptions, 
combined with descriptions of ten other cores from South Casper Creek field by Tanean (1991), 
were used to interpret the depositional environments of the Tensleep Sandstone in the study area.
3.2 Petrographic Analysis
Four different petrographic techniques were used to analyze the core material.
3.2.1 Standard Petrographic Microscopy
Eighty thin sections (Plate 1), of representative lithologies from the Tensleep core, well No. 3- 
13-34, were studied and point counted (400 points). Detailed modal mineralogy and texture, includ­
ing grain size, sorting, porosity and compaction effects, were quantified by point count measure­
ments. Grain sizes were determined by measuring the maximum diameter of framework grains, 
from which the mean grain size and standard deviation of the size distribution were calculated using 
a graphical method (Folk, 1974). Diagenetic alterations (cementation, dissolution, replacements, 
etc.) were also determined. All the thin sections were stained for feldspars and carbonates.
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Potassium feldspars in the sections were stained using the method of Ruperto et al. (1964). Alizarin 
Red-S/potassium ferricynide solution (Dickson, 1965) was used for carbonate staining to enable 
differentiation between calcite and dolomite and identification of ferroan calcite. In addition, sixty- 
two thin sections made from the core plugs from well No. 10-6-3 were studied for diagenetic 
alterations. Mineral and textural point count data for this well were taken from Tanean’s study.
3.2.2 Scanning Electron Microscopy
Twenty-two rock chips from selected core samples were coated with gold and examined with 
a scanning electron microscope coupled with energy dispersive X-ray analysis to identify authigenic 
minerals and determine their composition. The distributions of microcrystalline cements and their 
effects upon pore geometries and pore throat sizes were determined (Weinbrandt and Fatt, 1969).
3.2.3 Cathodoluminescence and Epifluorescence Microscopy
Cathodoluminescenceand epifluorescence petrography were used in this study to help classify 
the different dolomite and calcite cements. These techniques allowed the identification of several 
episodes of carbonate cementation which otherwise would not have been determined. The relative 
timing of different diagenetic events was determined by combining these observations with SEM and 
conventional petrographic studies. A Technosyn Cold Cathode Luminescence Model 8200 MK II 
attached to a Nikon polarizing microscope was used for cathodoluminescence petrography. 
Operating conditions were kept constant at 18 KV gun potential, 400 microamps beam current and 
a vacuum of 0.03 torr, to ensure that the color and intensity of luminescence were influenced only 
by the mineral species and not by the operating conditions. A Zeiss epifluorescope was used to 
complement the cathodoluminescence observations. Higher magnifications in this technique 





4.1 Facies Descriptions and Paleoenvironmental Interpretations
Core studies of 12 different wells from the South Casper Creek field reveal that the Tensleep 
Sandstone consists of interbedded sandstones and carbonates which can be subdivided into two 
distinct (upper and lower) lithological units as noted by Agatston (1954). As much as 40% 
carbonate is present within the Tensleep interval, making the name Tensleep Sandstone" somewhat 
of a misnomer. The sandstones normally rest unconformably on dolomites or sandy dolomites with 
very sharp contacts or erosional contacts. The upper Tensleep unit consists mainly of sandstone 
facies with a few thin beds of sandy dolomite, dolomitic sandstone and dolomite. The lower 
Tensleep unit is composed mainly of dolomites and sandy dolomites with some thin interbeds of 
dolomitic sand and quartzose sandstone. The relationship between the sandstone and carbonate 
lithofacies in the Tensleep is critical for the purpose of their environmental interpretation. Although 
gradations exist, three sandstone lithofacies, one sandstone subfacies, and two carbonate lithofacies 
are recognized in core studies. Each lithofacies description is accompanied by a paleoenviron- 
mental interpretation.
4.1.1 Cross-Bedded Sandstone Lithofacies
Cross-bedded sandstones are the dominant lithofacies of the upper Tensleep and occur 
occasionally in the lower Tensleep. Individual cross-bed sets range in thickness from 2 ft to about 
8 ft (0.6-2.5 m) (Plates I and II). These cross-beds are characterized by wedge, trough and tabular 
planar geometries. In most of the cases, the cross-beds exhibit tangential contacts with the lower 
bounding surfaces of individual sets. Cross-bedded sandstones of this facies have a gradational 
contact with underlying wavy bedded massive sandstone in the upper Tensleep unit whereas they 
erosionally overlie the fossiliferous dolomites in the lower Tensleep. They, in turn, are erosionally 
overlain by wavy bedded sandstones or have a burrowed or erosional upper contact with burrowed 
sandstones. Internal sedimentary structures that characterize individual cross-bed sets are
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dominated by wind ripple and grainflow stratification types. Wind ripple laminae (translatent-ripple 
laminae of Collinson, 1986) are concentrated in the lower part of each individual cross-bed set, and 
towards the low-angle (dips ranging from 2°-11°) toe sets. These laminae range from 0.3-1 inch 
(0.8-2.5 cm) in thickness and are recognized by their sharp contacts and their inverse grading 
(Figure 4.1). These stratification types are formed by migration of low angle climbing high index 
wind ripples (Hunter, 1977a; Kocurek and Dott, 1981). Observations of core samples show the grain 
sizes in these laminae increase upward from very fine to lower medium and are characterized by 
high amounts of dolomite, relatively close grain packing, and low porosity and permeability values. 
Grainflow laminae are observed in high angle (15°-40°) fore-sets of the cross-bedded sandstones. 
This stratification type ranges from 0.3-2 inches (0.8-5 cm) in thickness and is also inversely graded 
(Figure 4.2).
These stratification types are commonly planar-tabular but near the base of the fore-set exhibit 
tangential and wedge shape geometries (Figures 4.2 and 4.3). The grainflow cross stratification is 
produced by the avalanching of sand material from the crest on the lee side of the dune. This 
stratification type is characterized by inverse grading, high silica cement contents, low amounts of 
dolomite cement, loose grain packing and, therefore, higher porosity and permeability values as 
compared to windripple laminae.
Apart from the stratification type, reactivation surfaces (third order bounding surfaces of 
Brookfield, 1977; Rubin and Hunter, 1983) are common in this facies. They are recognized by 
erosional surfaces that separate different cross-bed sets. The cross-strata above and below these 
surfaces dip at sightly different angles and directions that represent changes in velocity and/or 
direction of the prevailing winds.
Interpretation
The cross-bedded sandstones represent deposition in eolian dune environments. Sedimentary 
structures and their internal characteristics are indicative of the eolian origin of this facies. In 
addition to large cross-bed set size and consistent fine grain size, low angle climbing high-index
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FIGURE 4 1 Core slab photograph (2,455.21 feet well tt 10-6 3) showing wind ripple 
lam ination towards its base. The upper half of tfie photograph shows tangential 
cross-bed geometries produced by grain flow stratification.
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Figure 4.2a Core slab photograph (2,431 feet, well // 10-6-3) showing planar tabular cross beds in 
the upper Tensleep unit The lighter co lor lam ination are grain flow stratifications 
separated by thin, black clay rich pin stripe lam inations Inverse grading in grain flow 
lam inations can be seen (green arrow) in each lam ination
Figure 4.2b Photom icrograph (2,783 feet, well // 3 13 34) showing a typical thin section view ot 
grain tlow (porous) laminae separated by pin stripe clay rich laminae containing dead 
oil.
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Figure 4.3 Core slab photograph (2,743 feet, well # 3-13-34) showing wedge planar cross-beds.
These are produced by avalanche of grains on the dune slip face where they are 
term inating against the horizontal bedded wind ripple laminae of the toe-set.
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ripples, classified as subcritically climbing translatent strata by Hunter (1977a), are the most reliable 
evidence for eolian deposition (Kocurek and Dott, 1981). Unlike waterlain ripples, eolian ripples are 
characteristically inversely graded due to segregation of coarser grains on the crest of the ripples 
and finer grains in the troughs (Yaalon and Laronne, 1971; Hunter, 1977a).
Inversely graded high-angle grainflow stratification, characterized by coarser grained deposits 
at the base of cross-bed sets, are produced by avalanching of sand on dune slip faces. Avalanche 
flow of grains occurs when deposition on the slip face of the dune creates an angle greater than the 
angle of repose. During avalanching, coarser grains tend to rise to the surface due to shear sorting, 
resulting in inverse grading on dune fore-sets. At the base of the slip face, coarser grains tend to 
outrun the finer grains, creating a concentration of coarser grains at the toe of the cross-bed set 
(Figure 4.3) (Ahlbrandt and Fryberger, 1982).
Wedge-planar and tabular-planar cross-bedding have been recognized in modern eolian dunes 
(McKee, 1979b). Trough cross-bedding has been noted in ancient eolian deposits (Steidtmann, 
1974) in the Tensleep.
Based on the predominance of wind-ripple and grainflow stratification, and the abundance of 
third-order (reactivation) bounding surfaces, Kerr et al. (1986) interpreted the dune types in the 
Tensleep as oblique dunes. Tanean (1991), on the basis of dipmeter measurements, reconstructed 
the dune shapes within the area of the South Casper Creek Fields as barchan-to-barchanoid type 
(McKee, 1979a).
4.1.2 Deformed Cross-bedded Sandstone Subfacies
Deformed cross-bedding in the Tensleep Sandstone is very common. This "facies" is given the 
status of a subfacies because of its association with the cross-bedded sandstone lithofacies. Both 
small- and large-scale deformation structures occur in high-angle cross-bed strata.
Small-scale structures include drag folds and microfaults (Figure 4.4). Drag folds are 0.2-1.5 
inches (0.5-4 cm) in height and represent sharp folding of cross-bed strata. Syndepositional 
microfaults are also observed in the cores (Figure 4.5). These faults involve a few cross-bed laminae
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Figure 4 4 Core slab photograph (2,475 feet, well tf 10-6-3) showing drag fold (green arrow)
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Figure 4.5 Core slab photograph (2,489 feet, well #  10-6-3) showing syndepositional m icrofaults
in deformed cross-bedded sandstones subfacies.
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and are oriented perpendicular to the fore-set dip angle. Fault displacements range from 0.3 to a 
maximum of two inches (0.8-5 cm). Both drag folds and microfaults are more common near the 
toes of the foresets.
Large-scale structures disrupt entire cross-bed sets. Contorted bedding intervals range from 
2-15 ft thick (0.6-4.6 m) (Plates I and II). Deformation styles include minor slumps, flexures and 
overturned folds with axial planes oriented parallel to bounding surfaces of the cross-bed sets 
(Figure 4.6). Dewatering structures are observed both within and above intervals of large-scale 
contorted cross-bedding.
This subfacies is characterized by relatively poor sorting and higher contents of dolomite 
cement compared to undeformed cross-bedded sandstones. Porosity and permeability values are 
affected by the higher dolomite contents and deformation of cross-beds in this subfacies. 
Interpretation
Deformed cross-bedding is an important feature of many eolian deposits. Drag folds have 
been described in modern dunes by McKee et al. (1971). Drag folds are interpreted to have been 
produced by avalanching of dry sands on dune slip faces. Micro-faults were documented near the 
toes of the modern dunes by McKee et al. (1971), McKee and Bigarella (1972) and Fryberger et al. 
(1983). These features in ancient dunes were documented by Hunter (1981) and Ahlbrandt and 
Fryberger (1982). They form in damp sands due to loading and tensional forces associated with 
progradation of the dune.
Large-scale deformation of cross-bedding has been documented by Steidtmann (1974), 
Fryberger (1979), McKee (1979c), Doe and Dott (1980), Driese and Dott (1984), Rittersbacher (1985) 
and Wheeler (1986). Doe and Dott (1980) investigated mechanisms for large-scale deformation of 
eolian cross-bedding and attributed complex contortions and overturned bedding to liquefaction of 
cohesive, water saturated sand. Water required for liquefaction of saturated sand could be derived 
either from a saturated interdune that dewatered after being loaded by an overlying dune or the 
dune may have become saturated during subsequent marine transgressions that resulted in 
overlying carbonate deposits.
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Figure 4.6 Core slab photograph (2,491.5 feet, well #  10-6-3) showing soft sediment deform ation
in high angle, cross-bedded sandstone lithofacies.
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4.1.3 Nonbioturbated, Wavy Bedded Sandstone Lithofacies
Wavy bedded sandstones are common in the upper Tensleep unit. These beds are usually 1- 
5 ft (0.3-1.5 m) thick but occasionally range up to 15 ft (4.6 m) thick (Plate I, 2,697-2,702 ft). These 
facies always rest on flat-to-gently-dipping first-order bounding surfaces and are gradationally 
overlain by cross-bedded sandstones. These deposits are nonbioturbated and are rippled. The 
ripple types include high-index asymmetric ripples, low index asymmetric and symmetric ripples 
(Figure 4.7) and rare adhesion ripples (Figure 4.8). These deposits contain a slight amount of clay 
size material which is concentrated in very thin indistinct beddings that give this lithofacies a wavy- 
to flat-bedded appearance. Low angle (up to 5°) cross-bedded sandstones are rarely observed in 
these facies.
Interpretation
Wavy-bedded sandstone deposits represent interdune and sand sheet deposits. Low-index 
symmetric, asymetric, and adhesion ripples imply that interdune areas were regularly, if not 
constantly, wetted (Rittersbacher, 1985). Similar wet interdune deposits have been documented by 
Glennie (1970, 1972), Ahlbrandt and Fryberger (1981), Kocurek (1981) and Wheeler (1986). These 
deposits accumulated in depressions on deflation surfaces (first order bounding surfaces of 
Brookfield, 1977; Rubin and Hunter, 1983) between dunes. Dry periods are documented by the 
presence of high index wind ripples. Horizontal bedding in dry interdunes has been related to 
grainfall lamination by Driese (1985). The low angle cross-bedded sandstones are similar to modern 
sand sheet deposits discussed by Fryberger et al. (1979, 1983). These deposits form at the edge 
of dune fields as remnants of the migrating dunes.
4.1.4 Bioturbated Sandstone Lithofacies
The burrowed sandstone lithofacies is most common in the lower Tensleep unit but is also 
present in the upper Tensleep (Plates I and II) and ranges in thickness from 1.5-15 ft (0.46-4.6 m). 
These facies commonly have a gradational/sharp contact with underlying cross-bedded sandstones 
(Figure 4.9) and a sharp or burrowed contact with overlying fossiliferous-burrowed dolomites.
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Figure 4.7 Core slab photograph (2,780 feet, well # 3-13-34) showing low index ripples (green
arrow) in wavy bedded sandstone lithofacies.
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Figure 4.8 Core slab photograph (2,475 feet, well #  10-6-3) showing adhesion ripple (green arrow).
Towards the top  of the photograph is shown the upper contact of wavy-bedded 
sandstone with high-angle cross-bedded sandstone lithofacies.
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Figure 4.9 Core slab photograph (2,519 feet, well ti 10-6-3) showing a sharp contact between 
cross-bedded sandstone and overlying burrowed sandstone lithofacies. A vertical 
burrow  "SKOLITHQS" (green arrows) has penetrated through the contact into underlying 
cross-bedded sandstone.
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Horizontal bedding and low-angle wind ripple laminated cross-bed sets that range in thickness from 
0.5-1 ft (15-30 cm) and intense burrowing characterize this lithofacies. Both horizontal 
(PLANOLITES1 and vertical (SKOLITHOS1 burrows are observed in this facies (Figure 4.10). Intense 
bioturbation in places has obscured all the sedimentary features giving these units a massive 
appearance. Homogenization of strata by bioturbation and relatively higher dolomite and clay 
contents, compared to underlying cross-bedded sandstone facies, have resulted in slightly lower 
porosity and permeability values in this facies (discussed later in Chapter-7, table 7.1). 
Interpretation
Burrowed sandstones represent deposition during marine transgressions that initiated 
carbonate deposition and reworked the tops of previously deposited eolian dunes and interdunes. 
Burrowing in these sandstones and overlying sandy carbonates obscures the contacts between the 
dolomites and sandstones. The presence of horizontal bedding and low-angle cross-bedding 
implies reworking of sediments in a foreshore or shoreface environment (Clifton et al., 1971). High 
energy nearshore environments are suggested by SKOLITHOS burrows (Seilacher 1967,1978; Frey, 
1978).
4.1.5 Sandy Dolomite Lithofacies
Sandy dolomite units, ranging in thickness from 0.5-3 ft (0.15-0.9 m), are common in the upper 
Tensleep unit. These sandy dolomites show sharp contacts with first-order bounding surfaces 
between dune cosets. Their upper contacts are gradational or sharp (Figure 4.11). These units are 
dominantly massive or wavy laminated. The sandy dolomite units show no evidence of fossils or 
burrowing organisms. These dolomites have very poor porosity and permeability and act as 
permeability barriers to vertical fluid flow.
Interpretation
Sandy dolomite facies in the upper Tensleep represent sedimentation in interdune ponds 
similar to those described by Hanely and Steidtmann (1973), Fryberger (1979), Mankiewicz and 
Steidtmann (1979), and Driese (1985). Mankiewicz and Steidman (1979) suggested that interdune
T-3955 37
-vV-
Figure 4.10 Core slab photograph (2,519 feet, well #  10-6-3) show ing SKOLITHOS (green arrows)
and PLANOLITES (black arrow) that have partially obscured the stratification in
burrowed sandstone lithofacies.
T-3955 38
Figure 4.11 Core slab photograph (2,666.8 feet, well #  3-13-34) showing sharp contacts of sandy 
dolom ite  facies w ith wavy-bedded sandstone lithofacies (length of core slab shown in 
photograph = 7").
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ponds may have developed in depressions on deflationary surfaces between dunes. These inter­
dune ponds may either have been isolated from the shoreline and fed by ground water recharge, 
springs, and/or surface recharge or periodically flooded by marine waters as suggested by Glennie 
(1970), Patterson and Kinsman (1981), and Shinn (1973). Recharge of interdune ponds by fluctua­
tion of the water table in marginal coastal settings is preferred for the Tensleep Sandstone in the 
project area because these sandy dolomites exhibit bright yellow-to-orange cathodoluminesence 
reflecting oxidizing environments. In contrast, the dolomite facies of the lower Tensleep emits dull 
red cathodoluminescence colors characteristic of reducing conditions. The absence of any marine 
fauna in sandy dolomites also denies marine transgressions.
4.1.6 Fossiliferous Dolomite Lithofacies
Fossiliferous dolomites are present through the Tensleep interval but are most common in the 
lower Tensleep. The thicknesses range from 0.5-10 ft (0.15-3 m) in the cores examined (Plates I 
and II). Fossiliferous dolomites are sharply-to-erosionally overlain by cross-bedded sandstones or, 
exceptionally, become sandy in the upper part and grade into overlying cross-bedded sandstone 
facies. In the lower Tensleep, they overlie the burrowed sandstone lithofacies with gradational, 
burrowed, or sharp contacts. The units are mostly massive and intensely burrowed. Sand contents 
in this facies is generally slight and decreases upward, whereas fossil contents increase towards the 
top. Common fossils observed in thin sections are crinoid fragments, bivalves, gastropods, 
brachiopods, and fusulinids. Vuggy porosity is very common in these units and is typically related 
to dissolution of fossils. Vugs range in size from pin-point to 1.5 inches (4 cm). Brecciation in 
these facies is more common than in sandy dolomite facies (Figure 4.12). These dolomites, in 
some instances, have porosities up to 19%; however, due to poor interconnection of pores, these 
facies do not exhibit good reservoir quality.
Interpretation
Fossiliferous dolomites represent deposition in a normal-to-slightly restricted, shallow marine 
shelf. The upward decrease in sand content and increase in fossil content reflects increasing
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Figure 4.12 Core slab photograph (2,553 feet, well #  3-13-34) showing highly brecciated dolom ite
bed in the lower Tensleep.
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distance offshore. These subtidal carbonates record the completion of transgression that began 
with the underlying burrowed sandstones (Rittersbacher, 1985; Wheeler, 1986). The desiccation 
cracks at the top of these units (Tanean, 1991) and sharp-erosional contacts with the overlying 
cross-bedded sandstones indicate a relative sea level drop that initiated the migration of dune facies 
over an exposed carbonate shelf. Unlike sandy dolomites, these dolomites emit dull orange-red 
cathodoluminescence color that represents relatively reducing environments in shallow marine 
(subtidal) conditions.
4.2 Summary of Depositional Environments
The Tensleep Sandstone in the South Casper Creek field area consists of interbedded eolian 
to near-shore marine sandstone and subtidal to interdunal pond dolomites. Cycles of these 
sandstones and dolomites and their vertical relationships document the rise and fall of relative sea 
level on the Wyoming shelf during deposition of the Tensleep Sandstone.
A typical vertical facies sequence (Figure 4.13) illustrates the relationship between sandstones 
and dolomites. As marine deposits overlie the eolian sand deposits, each sandstone-dolomite cycle 
is sandwiched between two unconformities (first-order bounding surfaces) that record one rise and 
fall of relative sea level (Rittersbacher, 1985). A drop in sea level is marked by a sharp scour 
surface at the base of each cycle and progradation of migrating eolian dunes over an exposed, 
shallow carbonate shelf. A subsequent sea-level rise results in reworking of the eolian sand through 
wave activity and burrowing organisms in burrowed sandstone facies deposited in shore-face 
environments. The high stand of sea level is marked by subtidal dolomites which overlie the 
reworked eolian cross-bedded sandstones.
In summary, each sandstone-dolomite cycle is initiated by a relative sea-level rise. Within each 
cycle, sandstones and dolomites are separated by an unconformity surface developed during sub­
aerial exposure. Therefore, each sandstone unit is bounded by a subaerial unconformity at its base 
and a transgressive event at its top. Similarly, each dolomite unit is bounded by a transgressive 
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as separate units, represent deposition during one cycle of relative sea-level rise and fall. The 
culmination of one cycle and the beginning of another is marked by a sharp scour surface, normally 
present directly on the subtidal carbonates. Relative to the major unconformity at the top of the 






Point count analyses of well no. 3-13-34 core samples (Figure 5.1 and Tables 1 and 2) reveal 
that most of the Tensleep Sandstone is fine to very fine grained, with mean grain size ranging from 
0.09 mm (3.5 phi) to 0.25 mm (1.5 phi), and moderately well sorted to well sorted, with graphic 
standard deviation ranging from 0.35 phi to 0.74 phi (Folk, 1974). Relatively poor sorting is exhibited 
in some samples because of alternating, parallel, very fine grained wind ripple laminae and fine to 
medium grained grainfall laminae. Each individual lamina is very well sorted but too thin (1-2 mm) 
to account for the whole sample. Framework grains in grain flow laminae are sub-rounded to 
rounded whereas they are sub-angular in the wind ripple laminae.
5.2 Mineral Composition
5.2.1 Framework Component
In the study area, the framework composition of the Tensleep Sandstone is relatively simple. 
The detrital component of the upper Tensleep Sandstone units consists of 79-99 % quartz with the 
remainder being mostly potassium feldspar (Table 1). Out of seventy-nine samples point counted 
in this study, forty-eight are classified as subfeldspathic arenites, nine as quartz arenites, and 3 as 
feldspathic wackes (Figure 5.2). The remaining nineteen samples are sandy dolomites or pure 
dolomites. In addition to quartz and feldspar, chert grains, dolostone fragments and heavy minerals 
are also observed in trace (< 1%) quantities. Heavy minerals are dominated by grains of zircon, 
tourmaline and rutile.
The extremely mature texture and mineralogy is a combined function of provenance and 
mode/distance of transport. Todd (1964), on the basis of high textural maturity and a predominantly 
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Figure 5.2 Classification of sandstone samples in the Tensleep Sandstone from well 
no. 3-13-34, South Casper Creek Field. ( Classification scheme modified from 
Pettijohn et al.,1987).
T-3955 51
crystalline rocks of the Canadian Shield and its overlying sediments in the north as provenance for 
the upper Tensleep sands.
5.2.2 Authigenic Components
Among various cements found in the Tensleep Sandstone In the study area, dolomite, quartz 
and calcite are the major authigenic components. Alkali feldspar, clays and pyrite are present in 
lesser abundance (Table 5.1). The following discussion of individual cements is presented in order 
of their decreasing abundance.
5.2.2.1 Dolomite
Dolomite in the Tensleep Sandstone exhibits a variety of different morphologies in thin section. 
Based on textural parameters these dolomites are classified into three major groups:
a. Microcrystalline matrix dolomites,
b. Detrital dolostone grains, and
c. Dolomite cements
5.2.2.1.A Microcrystalline Matrix Dolomites
These fine grained dolomites occur as euhedral to subhedral crystal mosaics in sandy dolomite, 
dolomitic sandstone and pure dolomite beds. These dolomites are rich in micritic inclusions and 
exhibit a turbid brown appearance. Based upon the lithologic distributions and contrasting 
cathodoluminescence characteristics, these microcrystalline dolomites are further subdivided into 
two distinct types.
Primary Dolomites
Fine grained laminae in the sandy units and sandy dolomites of the interdune facies of the 
upper Tensleep are characterized by high proportions of euhedral to subhedral dolomite matrix 
having grain sizes ranging from 4-25 microns. These dolomites etch slightly and replace the detrital
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quartz and feldspar grains that are often suspended in the dolomite matrix (Figure 5.3). In coarse 
grained laminae these dolomites are present as scattered clusters in minor amounts (Figure 5.4).
Using cathodoluminescence, primary dolomites luminesce bright yellow to orange (figure 5.5). 
These dolomites do not show any zonations in transmitted light, cathodoluminescence or 
epifluorescence microscopy.
Replacement Dolomite
These dolomites are typically restricted to pure dolomite beds in the lower Tensleep and occur 
as relics of microcrystalline dolomite matrix in later dolomite cements. These beds contain abundant 
biomolds after crinoids, fusulinids and brachiopods that represent deposition of the precursor 
sediments in the subtidal/intertidal environments (Figures 5.6 and 5.7). These dolomites have 
crystal sizes ranging from 15-80 microns. Crystal mosaics are generally anhedral to subhedral. The 
biomolds are partially filled with replacement dolomites and, in places, exhibit geopetal fabrics 
(Figure 5.6). These dolomites are overgrown by or recrystallized into later dolomite cements which 
are recognized by clear rhombic outlines.
Using cathodoluminescence, these dolomites are not zoned and have irregular dull red 
luminescence (Figure 5.7B). A few thin beds of pure dolomite, interlayered with dune sandstone 
facies of the upper Tensleep, are recognized as replacement dolomites on the basis of their dull red 
luminescence. These beds may represent supratidal deposits during severe storms or transgressive 
onlap (subtidal) deposits during sea level rise.
5.2.2.1B Detrital Dolostone Grains
Dolomite occurs as micritic blebs which are commonly larger than the size of detrital grains 
and surrounding intergranular pore spaces. These grains, in general, are randomly distributed but 
in places are aligned along the bedding planes in the sandstone units, suggesting their detrital
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Figure 5.3 Photom icrograph (2,680 feet, well #  3-13-34) showing prim ary do lom ite  bed in interdune 
facies of the upper Tensleep Sandstone. Floating detrital grains are being replaced by 
m icrocrystalline dolom ite  rhombs.
Figure 5 4 Photom icrograph (2.419 feet, well // 10 6-3) showing paragenetic sequence ol eaily 
cements. Floating small rhom bs of dolom ite  (arrow) must have precip itated in pro 
calcite pores. Pyrite (early phase) replaces both calcite and dolom ite. Detrital grains 
are etched by pyrite whereas they are protected in the calcite cemented part
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Figure 5.5A C athodolum inescence photom icrograph (2679 feet, well #  3-13-34), showing bright- 
orange lum inescence emitted by the prim ary dolom ite.
Figure 5.5B Transmitted light view of the same.
Figure 5.6A Photom icrograph (2,949.7 feet, well #  3-13-34) showing pink staining calcite cement 
that has filled biom olds after crinoid fragments, in the dolom ite  beds of the lower 
Tensleep.
50 0 pm
Figure 5.6B Crossed nicol view of the same, showing geopetal fabric created by settling of 
m icrocrystalline dolom ite  at the base of the mold that later filled with calcite cement. 
This relationship indicates that dolom itization took place before calcite cementation.
T-3955 56
'  -  i> V \





Figure 5.7A Photom icrograph (2,894.3 feet, weli #  3-13 34) showing a dolom i: zed fusulinid. Black 
spots represent the spiral arrangement of the cham bers that are now the pores whereas 
the walls along w ith the m icritic matrix have been com plete ly dolom itized.
Figure 5.7B Cathodolum inescence photom icrograph (2,949.7, well ft 3-13-34) showing irregular dull 
lum inescence of replacement dolom ite. Calcite cement that has filled the biomold is 
zoned and emits bright yellow lum inescence w ith dull red zones. This calcite cement 
is replaced by later generations of do lom ite  cement.
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origin (Figure 5.8). These detrital dolostone grains are concentrated in the lower part of the 
Tensleep towards the base of sandstone beds near contacts with fossiliferous dolomites. These 
grains are also overgrown by or recrystallized into later dolomite cements (Figure 5.9). Using catho­
doluminescence, these grains have the same optical characteristics as the replacement dolomites 
(Figure 5.10) suggesting an origin from the underlying subtidal dolomites.
5.2.2.1.C Dolomite cements
Dolomite cements are also subdivided into two types on the basis of their texture and 
petrographic properties.
Anhedral/Subhedral Unzoned Dolomite Cement
In the subtidal dolomitic beds of the lowermost Tensleep Sandstone, dolomite cement occurs 
as a mosaic of anhedral/subhedral crystals with highly coalesced crystal boundaries (Figure 5.11). 
Only the crystals that are lining or growing in the moldic cavities and intergranular pore spaces have 
euhedral faces. Anhedral crystals range in size from 50 to 300 microns in diameter and are 
inclusion-rich, giving the cement a cloudy appearance. Individual crystals have weakly to well- 
developed lattice curvature as evidenced by their undulose extinction (Figure 5.12) and, thus, are 
classified as saddle dolomite (Radke and Mathis, 1980). Crystal contacts are stylolitized (Figure 
5.13) and numerous compaction fractures are developed locally (Figure 5.14).
Cloudy dolomite cements invariably display the same dull red luminescence as the replacement 
dolomite (Figure 5.15). The cement shows no zonation in transmitted light or using catho­
doluminescence and epifluorescence.
Euhedral Zoned Dolomite Cement
In sandstone units of the upper Tensleep, small euhedral rhombs (50-150 microns) of dolomite 
cement fill the intergranular pores and replace the adjacent silicate grains and their over-growths 
as well as earlier poikilotopic calcite cement (Figure 5.16). In pure dolomite beds, these euhedral 
cements partially occlude intercrystalline and moldic porosity and replace the earlier phases of
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Figure 5.8 Photom icrograph (2939.3 feet, well #  3-13-34) showing m icrocrystalline dolostone 
grains (detrital ?). These grains are larger than the surrounding fram ework grains and 
pores, and are somewhat aligned with the bedding, suggesting their detrital origin from 
a nearby source.
Figure 5.9 Photom icrograph (2,692 feet, well #  3-1 -3) showing detrital dolostone grains overgrown 
by later pore filling dolom ite cement with euhedral faces (arrow).
100 pm
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Figure 5.10 Photom icrograph (2,939.3 feet, well # 3-13-34) showing irregular dull lum inescence ol 
dolostone grains.
lOOum
Figure 5.11 Photom icrograph (2,947 feet, well ft 3-13-34) showing coalesced, stylo litic crystal 
boundaries of anhedra l/subhedra l dolom ite cement (arrows), that indicate the onset of 
com paction during dolom ite cementation. These dolom ites are overgrown by euhedral 
rhom bic dolom ite that has occluded all the intercrystalline porosity.
T-3955 60
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Figure 5.'12 Photom icrograph (2,914 feet, well #  3-13-34) showing characteristic undulose 
extinction of saddie dolom ite.
Figure 5.13 Photom icrograph (2,917 feet, well tt 3-13-34) showing stylolite and developm ent of 
com pactional fractures. Dead oil (black) along these styiolites indicates hydrocarbon 




Figure 5.14 Photom icrograph (2,917 feet, well #  3-13-34) showing purple stained burial calcite 
cement that has filled the com pactional fractures in the dolom ite beds of the lower 
Tensleep.
Figure 5.15 Cathodolum inescence photom icrograph (2,917 feet, well ft 3-13-34) showing dull red 
lum inescence of the anhedra l/ subhedral do lom ite cement. Also shown are some other 
paragenetic relationships where dolom ite cement is replacing the earlier mold filling 
calcite cement. The cross-cutting relationship indicates that com pactional fracturing 
and their filling w ith nonlum inescent ferroan calcite postdates brightly lum inescent 
orange, m old-filling calcite cementation.
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Figure 5.16 Photom icrograph (2,425.5 feet, well # 3-13-34) showing some diagenetic events where 
late generation of rhom bic dolom ite cement is replacing early poik ilo topic calcile 
cement and also etching the detrital quartz grains. Euhedral crystal faces of quartz 
overgrowths abutting against calcite cement suggest tfia t these overgrow ths were 
grown in pre-calcite open pore space.
Figure 5.16B Photom icrograph (2,856 feet, well #  3-13-34) showing both generations of 
anhedra l/subhedra l saddle dolom ite and euhedral rhom bic dolom ite 
cementation.
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meteoric-phreatic calcite cements. Earlier dolomite cements serve as hosts for this cement 
generation. This relationship is best displayed where clear euhedral dolomite crystals are overgrown 
on inclusion-rich earlier generations of dolomites (Figure 5.9 and 5.11).
Using cathodoluminescence, these cements are zoned and have dully luminescent red-orange 
cores with alternating thin bright orange and nonluminescent rims (Figure 5.17). These zonations 
are best defined using epifluorescence microscopy (Figure 5.18).
5.2.2.2 Authigenic Quartz
Quartz cement is most common in sandstone units of the upper Tensleep. It occurs as 
syntaxial overgrowths on rounded detrital quartz grains and ranges from less than 1% to almost 
15% of the total rock volume. These overgrowths fill the intergranular pore spaces and are bounded 
by intersecting euhedral crystal faces (Figure 5.19). The overgrowths are easily identifiable by the 
presence of dusty rims around the detrital cores (Figure 5.20). In the laminated sandstones, the 
coarser grained grainflow laminae are more extensively silica-cemented than the finer grained wind 
ripple laminae. These overgrowths show subsequent etching and are occasionally replaced by 
authigenic clay and dolomite rhombs (Figure 5.19). In sandy dolomite units of interdune facies of 
the upper Tensleep, where quartz overgrowths are scattered in dolomite matrix, some rounded 
quartz overgrowths are observed (Figure 5.20B). These textures suggest a pre-depositional (source 
area) phase of silica cementation. A late phase of authigenic silica is rarely observed as 
microcrystalline crystals replacing dolostone fragments and earlier calcite cement (Figure 5.21).
5.2.2.3 Calcite
Different types of calcite cements are recognized in the Tensleep Sandstone based on 
cathodoluminescence characteristics and timing relative to other diagenetic events. Cross-cutting 




Figure 5.17A Cathodoluminescence photomicrograph (2945 feet, well # 3-13-34) showing 
zoned euhedral dolomite cement in the dune facies of the upper Tensleep 
Formation.
100 pm
Figure 5.17B. Cathodoluminescence photomicrograph (2945 feet, well #  3-13-34) showing
multiple zones in the latest phase of dolomite cementation. Dolomite rhombs 
have dull red cores (same as cloudy dolomite cement) and alternating bright 
orange and nonluminescent to deep red rims.
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Epifluorescence photomicrographs (2585 feet, well # 10-6-3) showing multiple 
zones that reflect changing chemistry of the pore waters during precipitation of 
the euhedral rhombic dolomite cement. This phase of dolomite cementation is 
differentiated from the earlier replacement dolomite (RD) by the absence of 
zonation in the latter
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Figure 5.19A Scanning electron photomicrograph (2,886 feet, well #  3-13-34) showing quartz
overgrowths (QO), with intersecting euhedral crystal faces, that have almost 
completely filled the pore. Note the subsequent etching of the overgrowth 
(arrow) by authigenic clay.
Figure 5.19B Scanning electron photomicrograph (2,727 feet, well #  3-13-34) showing etching 




Figure 5.20A. Photomicrograph (2,679 feet, well #  3-13-34) showing quartz overgrowths with 
prism faces. The overgrowths are clearly recognizable in this thin section by the 
presence of dusty rims around the detrital cores. Most of the detrital cores have 
tangential contacts with adjoining grains suggesting early cementation,prior to 
considerable compaction of the sediment.
Figure 5.20B Photomicrograph (2,906 feet, well #  3-13-34) showing rounded (by transport) 
quartz overgrowth (arrows), separated from detrital cores by dusty rims.
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Figure 5.21A Photomicrograph (2,947 feet, well ft 3-13-34) showing microcrystalline silica 
cement replacing earlier mold filling calcite cement. Note also that euhedral 
dolomite crystals (Dol) are replacing the calcite whereas pyrite crystals seem to 
predate this phase of early calcite as they are engulfed in the calcite cement.
Figure 5.21 B Photomicrograph (2,885 feet, well #  3-13-34) showing late stage silicification of 
dolostone grain. This silicification phase follows the dissolution and creation of 
microporosity in the dolostone grain.
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5.2.2.3A Pink Staining Calcite Cement
This cement is the earliest phase of calcite and is restricted to the subtidal facies of the lower 
Tensleep. This cement postdates dissolution of unstable carbonate grains (high Mg-calcite 
echinoderms, fusulinids, brachiopod etc.) (Figure 5.6). The biomolds produced from leaching are 
occasionally floored by geopetal crystal silt followed by pink staining calcite cement (Figure 5.6). 
This calcite predates mechanical compaction and stylolitization, as indicated by stylolites and 
compaction fractures which crosscut these cements (Figure 5.15). Cathodoluminescence reveals 
that the cements are zoned, containing interlayered bright yellow and dull orange zones (Figure 
5.7B).
5.2.2.3B Early Pokilotopic Calcite Cement
This phase of calcite cement occurs as scattered poikilotopic masses in the uppermost 
Tensleep Sandstone units. This cement is restricted to coarser grained porous laminae. The cement 
postdates primary dolomitization and silica (both quartz and feldspar) overgrowths as both of these 
earlier cements are engulfed in the poikilotopic calcite cement (Figures 5.15 and 5.22). This cement 
slightly etches the detrital grains and their respective overgrowths (Figures 5.23 and 5.24). Using 
cathodoluminescence, this cement is not zoned and has bright yellow to dull orange luminescence 
(Figure 5.25).
5.2.2.3C Ferroan Calcite Cement
The purple staining calcite cement fills compaction fractures (Figure 5.14) and any remaining 
moldic porosity in the pure dolomite beds of the lower Tensleep. Cross-cutting relationships 
suggest that this cement postdates fine-grained dolomitization, pink and poikilotopic calcite cements, 
and may be contemporaneous with the later phase of anhedral/subhedral dolomite cementation. 
This phase of calcite is nonluminescent and unzoned under cathodoluminescence (Figure 5.15).
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100 pm
Figure 5.22A Photomicrograph (2,413 feet, well #  10-6-3) showing poikilotopic calcite cement 
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Figure 5.22B Plane polarized light view of the same.
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100 jim
Figure 5.23A Photomicrograph (2,649 feet, well #  3-13-34) showing early poikilotopic calcite 
cement possibly etching quartz grains (Q1 and Q2 are parts of the same grain).
100 pm
Figure 5.23B Photomicrograph (2,649 feet, well #  3-13-34) showing embayed boundaries of 
detrital quartz grains suggesting their replacement by the early calcite cement.
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Figure 5.24 Scanning electron photom icrograph (2,652.6 feet, well tf 3-13-34) showing replace: 
of detrital grains by early poik ilo topic calcite cement.
12
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Figure 5.25A Cathodoluminescence photomicrograph (2,649 feet, well #  3-13-34) showing 
bright yellow to dull orange luminescence of the early poikilotopic calcite cement.
Figure 5.25B Plane polarized light view of the same. Pink stain of calcite is not visible as the 
sample has been polished for cathodoluminescence petrography.
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5.2.2.3D Late Fracture Filling Calcite Cement
The last phase of calcite cement fills fractures, intergranular or intercrystalline pores and 
dissolution vugs in close proximity to these fractures throughout the Tensleep Sandstone (Figures 
5.26 to 5.28). These fractures were probably produced by Laramide tectonism, relatively late in 
the diagenetic history of the Tensleep and after significant compaction of the sediments. The 
degree of compaction is indicated by greater numbers of contacts per grain in sandstone beds that 
are cut by the tectonic fractures. This cement is synchronous with or postdates the latest phase 
of euhedral dolomite cementation. This relationship is indicated by zoned rhombic crystals of 
dolomite being encased in the fracture-filling calcite cement. Using cathodoluminescence, this 
calcite cement is observed to contain interlayered bright luminescent yellow-orange and dully 
luminescent orange to red zones (Figure 5.26).
5.2.2.4 Clay
Sandstone beds of the Tensleep contain very little amounts of clay material. Minor amounts 
of clay, however, occur as linings of pores, coatings on detrital grains, and pore fillings (Figures 
5.29 and 5.30). Most of the clay in the Tensleep is mixed-layer illite-smectite. The slightly bent, 
delicate projections of these clays suggest their authigenic origin. These clays are generally 
observed growing on exposed detrital grain surfaces and on top of other cements. The clay 
replaces both quartz and K-feldspar grains and their overgrowths (Figures 5.19A and 5.31). In some 
samples, the clay appears to preferentially replace K-feldspar rather than quartz. In other samples, 
however, quartz is preferentially replaced and K-feldspar grains are left virtually untouched (Figure 
5.31 B). This phenomenon is best displayed in finer grained wind ripple laminae where the 
percentage of K-feldspar is increased due to preferential replacement of quartz by clay. Pore-filling 
clay, where present with calcite and/or dolomite cements, appears to replace both of these cements 
(Figures 5.32 and 5.33).
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Figure 5.26A Cathodolum inescence photom icrograph (2,873.7 feet, well #  3-13-34) showing
latest phase of calcite cem entation that filled the tectonic fractures. This phase 
of calcite cement emits bright orange lum inescence and shows dull rod to non 
lum inescent zones. Light blue lum inescence is emitted by K feldspar grains
Figure 5.26B Same view as Figure 5.26A in transm itted light showing close packing of the
grains which indicates that the rock has undergone significant com paction 
before fracturing and calcite cementation
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Figure 5.27 Photomicrograph (2,917 feet, well # 3-13-34) showing the latest phase of calcite 
cementation that followed the dissolution phase which created vugs in the dolom ite 
beds. The calcite cement (CAL) partially occludes the vuggy pores (VP). The remaining 
pores contain dead oil, indicating that oil migration post-dated the latest phase of calcite 
cementation.
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Figure 5.28A Photomicrograph (2,946.8, well #  3-13-34) showing zoned dolomite crystals 
(having inclusion-rich cores and clear rims), encased in the latest phase of 
calcite cement. Zoned dolomite crystals must have precipitated in pre-calcite 
dissolution vugs.
Figure 5.28B Cathodoluminescence photomicrograph of the same, showing zoned dolomite 
crystals and bright yellow-to-dull-orange zoned calcite cement.
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Figure 5.29A Scanning electron photomicrograph (2,886.2 feet, well 4  3-13-34) showing pore- 
filling authigenic mixed-layer illite-smectite clay and quartz overgrowths (QO) in 
an intergranular pore.
Figure 5.29B Scanning electron photomicrograph (2,660.7 feet, well # 3-13-34) showing
authigenic clay grown on surfaces of the detrital grains and dolom ite  cement 
(DOL). The relationship indicates that authigenic clay post-dates dolom ite 
cementation.
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Figure 5.30A Scanning electron photomicrograph (2678.9 feet, well #  3-13-34) showing 
detrital clay cutan around a K-feldspar (KSP) grain. Orientations of the clay 
flakes, parallel to the grain surface indicate its detrital origin. Pitted surfaces on 
the quartz grains (Q) suggest that the grains have undergone dissolution.
Figure 5.30B Photomicrograph (2,715 feet, well # 3-1-3) showing an intergranular pore filled 
by authigenic clay (C). The bent clay flakes indicate the precipitation of clay 
before or during onset of compaction.
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Figure 5.31 A Photomicrograph (2,686 feet, well # 3-1-3) showing complete replacement of 
a detrital grain (center of the photo). The detrital grain was probably feldspar 
as indicated by the parallel alignment of the clay laths along cleavage planes.
Figure 5.31 B Photomicrograph (2,685 feet, well # 3-1-3) showing selective replacement of 
quartz grain (Q) by clay whereas the K-feldspar grain (KSP) shows no evidence 
of replacement.
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Figure 5.32A Scanning electron photomicrograph (2658.7 feet, well 3-13-34) showing pore- 
filling authigenic clay replacing the dolomite rhombs (arrow).
Figure 5.32B Photomicrograph (2,715 feet, well H 3-1-3) showing pore-filling authigenic clay 
replacing both detrital grains (Q) and dolomite cement (DOL)
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Figure 5.33A Photomicrograph (2,411.6 feet, well #  10-6-3) showing clay replacement of 
calcite cement and quartz grains.
Figure 5.33B Plane polarized light view of the same.
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5.2.2.5. Authigenic Feldspar
Potassium feldspar cement, although quantitatively insignificant, is present in places as euhedral 
overgrowths on smaller detrital K-feldspar grains (Figure 5.34). Euhedral overgrowths appear to fill 
originally open pore spaces suggesting their early precipitation. These overgrowths, when present 
in pores with carbonate cements, are replaced by these cements. K-feldspar and quartz over­
growths that are in contact with one another, generally form relatively linear boundaries near the 
centers of pre-existing pores. This relationship suggests that formation of quartz and K-feldspar 
overgrowths occurred early in the diagenetic history of the Tensleep at approximately the same time 
and rate. Since feldspar overgrowths are not observed in modern surficial desert sediments 
(Glennie, 1970), it is likely that they formed in the Tensleep Sandstone shortly after burial.
5.2.2.6 Pyrite
Pyrite, identified by its brass-yellow color in reflected light, constitutes only a minor component 
(less than 1 %) in the Tensleep Sandstone units. It occurs most commonly as small (10-100 microns) 
euhedral crystals and as large (0.5-3 cm) irregular masses which fill pores and crosscut detrital 
grains and all types of authigenic cements (Figures 5.21 A and 5.35).
5.3 Porosity
Porosity values, measured in thin sections of the Tensleep core from well No. 3-13-34, range 
from a few percent to as high as 29 percent. Point count analysis results (Figure 5.1 and Table 5.1) 
show that porosity generally declines with the depth in this sequence. The Tensleep porosity can 
be classified in five major categories: 1) intergranular, 2) intergranular-dissolutional, 3) intragranular- 
dissolutional, 4) microporosity and 5) fracture porosity. These porosity types are estimated by using 
textural criteria described by Schmidt and McDonald (1970).
Intergranular porosity is observed between framework grains where incomplete cementation 
and grain compaction have preserved some of the original pore space. Because of the high degree 
of cementation and compaction of sandstone units in the upper Tensleep, original porosity has been
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Figure 5.34 Photomicrograph (2,485 feet, well #  10-6-3) showing euhedral K-feldspar overgrowth 
(FOG) on a K-feldspar detrital grain (FG). Embayed boundaries of quartz grains suggest 
that the pores (P) were created by dissolution of quartz and/or some pre-existing 
cement that once replaced the quartz grains.
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Figure 5.35A Photomicrograph (2,703 feet, well #  3-1-3) showing small euhedral crystals of 
pyrite cement (arrow) concentrated within and replacing early poikilotopic calcite 
cement. Pyrite crystals also appear to replace detrital quartz grains as indicated 
by embayed grain boundaries in the pyrite-rich zone relative to  the pyrite-free 
zone (lower left of the view).
Figure 5.35B Photomicrograph (2,906 feet, well # 3-13 34) showing a large irregular mass ot
pyrite cement that is replacing the anhedral/subhedral dolom ite  cement. 
Engulfed in this cement are some saddle dolomite masses, indicating that pyrite 
cement postdates this dolomite cement.
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largely destroyed. The maximum observed intergranular component of porosity, as determined 
from point counts, is approximately 12% (Table 5.1).
Intergranular-dissolutional porosity is created by the dissolution of pore-filling cements, 
predominantly calcite and dolomite but also by dissolution of detrital quartz grains (Rowsell and 
DeSwardt, 1975; Schmidt et al., 1976; Lindquist, 1976; Stanton and MacBride, 1976; Pittman, 1979). 
Because early fine grained dolomite and poikilotopic calcite cements act as buttresses against 
further compaction, post-dissolution pore sizes are generally larger than normally compacted 
intergranular pores (Figure 5.36). Porosity observed in this category may actually be comprised of 
more complex, hybrid types. For example, pores may be larger than normally compacted pores 
because the dissolved cement may have previously replaced adjoining framework grains. 
Alternatively, if the cement had never completely filled some pores, the final porosity would be a 
combination of intergranular and intergranular-dissolutional porosity (Figure 5.37). Because of the 
uncertainty as to how much each of these processes may have contributed in creating the oversized 
pores, these pores are grouped together under the category of intergranular-dissolutional porosity. 
Most of the porosity in the coarser grained grainfall lamination is interpreted to have been created 
by the dissolution of detrital grains (K-feldspar and quartz) and intergranular carbonate cements 
(Figures 5.36 and 5.37).
Intragranular dissolution porosity in the Tensleep cores is observed in partially dissolved K- 
feldspar and detrital dolostone grains (Figure 5.38). This type of porosity is not quantitatively 
significant and, therefore, is not point counted separately but is described as dissolution secondary 
porosity and included with intergranular-dissolution porosity (Table 5.1).
Microporosity is developed between authigenic clay flakes and in larger pore throats bridged 
by authigenic clay. It is also observed within patches of fine grained dolomite. This porosity type 
may be volumetrically significant if measured by wireline porosity logs, however, it does not 
contribute to the effective porosity and permeability of the rock.
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Figure 5.36A Photomicrograph (2,494 feet, well # 10-6-3) showing oversized pores (PO) 
created by dissolution of detrital grains. The presence of partially dissolved K- 




Figure 5.36B Photomicrograph (2,494 feet, well #  10-6-3) showing pervasive dissolution of K- 
feldspar grains. Selective removal of the K-feldspar has changed the detrital 
mineralogy of the rock. The outline of the dissolved grains, marked by the clay 
cutans, indicates that the clay was stable in the prevailing chemistry of the fluids 
whereas K-feldspar was completely dissolved and removed from the rock
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Figure 5.37A Photomicrograph (2,485 feet, well # 10-6-3) showing quartz grains (Q) with 
embayed boundaries. Relicts of euhedral dolomite rhombs (arrows) etching 
detrital grains suggest that the oversized pores were previously filled with 
dolomite cement. The cement was subsequently dissolved to yield the present 
porosity which is a combination of the intergranular porosity and intergranular- 
dissolutional porosity.
100 pm
Figure 5.37B Photomicrograph (2,553 feet, well #  10-6-3) showing another example of hybrid 
porosity where pre-existing pore-filling cement (dolomite) etched the detrital 
quartz grains and subsequently dissolved and created the oversized pores.
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Figure 5.38A Photomicrograph (2,686 feet, well #  3-1-3) showing intragranular dissolution 
porosity in a partially dissolved dolostone grain.
Figure 5.38B Scanning electron photomicrograph (2,885.2 feet, well # 3-13-34) showing 
intragranular dissolution porosity in an etched K-feldspar grain.
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Very little fracture porosity is preserved in the Tensleep cores as all the fractures (both 
compactional and tectonic) are susceptible to later calcite cementation (Figures 5.14 and 5.26). 
Calcite cement has filled most of the fractures in dolomite beds of the lower Tensleep. In the 
reservoir sandstone facies of the upper Tensleep, the tectonic fractures are lined by the late calcite 
cement but may have open pore spaces toward the center (Figure 5.39). These pore spaces 




Figure 5.39A Photomicrograph (2,787 feet, well H 3-13-34) showing the latest phase of 
fracture-filling calcite cement (CAL) that has lined a tectonic fracture in the upper 
Tensleep. Some of the fracture porosity (FP) towards the center is preserved 
due to the onset of hydrocarbon migration and accumulation that terminated 
calcite cementation.
Figure 5.39B Cathodoluminescence photomicrograph of the same, showing bright orange 




On the basis of morphologies and textures observed in petrographic studies of core samples 
from the Tensleep Sandstone in South Casper Creek field, three distinct diagenetic environments 
can be identified: 1) near surface diagenesis; 2) burial diagenesis; and 3) diagenesis during and 
following the Laramide uplift. A paragenetic sequence for the authigenic components in the 
Tensleep Sandstone is summarized in Figure 6.1. Diagenetic alterations observed in each of these 
above mentioned categories are described separately, roughly in their chronological order.
6.1 Near Surface Diagenesis
6.1.1 Leaching And Early Calcite Cementation
Pink staining calcite records an early episode of dissolution and calcite cementation. Leaching 
affected mainly unstable high Mg-calcite echinoderm shells/tests, indicating that the diagenetic fluid 
was undersaturated with respect to this phase. The calcite cement postdates grain dissolution and 
emplacement of crystal silt but predates compaction and stylolitization (Figures 5.6 and 5.15). This 
relationship suggests that the stabilization of unstable minerals occurred very early in the near 
surface, by fresh meteoric waters. The low iron content of this early cement, indicated by the pink 
stain (Dickson, 1965), reflects precipitation from relatively oxidizing fluids which contain little Fe2+ 
and causes bright luminescence (Machel, 1985). The groundwaters from which this early cement 
was precipitated may have recharged when subtidal dolomites were subjected to subaerial exposure 
during intraformational sea level drops.
6.1.2 Fine Grained Dolomitization
The fine-grained dolomite (both primary and replacement) in the Tensleep intervals postdates 
leaching of the high-magnesium tests and predates precipitation of pink staining poikilotopic calcite 
cement of phreatic-meteoric origin. This relationship is best displayed where primary dolomite
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rhombs grow in the pre-calcite pores and later on are engulfed by the pink staining calcite cement 
(Figure 5.4). In the lower Tensleep, the dolomite is peripherally etched by the mold-filling calcite 
cement.
Microcrystalline primary dolomites are confined to dune and interdune facies of the upper the 
Tensleep Sandstone. The large number of floating detrital grains in dolomite matrix (Figure 5.3), 
higher intergranular volume (IGV), and absence of stylolites, compaction fractures, etc., indicate that 
the dolomitization occurred early in the diagenetic history of the Tensleep. The origin of these 
dolomites is suggested to be synsedimentary primary precipitation from highly saline evaporitic 
brines that developed in the interdunal ponds, similar to those that occur in the Coorong (South 
Australia) interdunal lakes and other saline lakes (Eugster and Hardie, 1978). Dolomite with similar 
characteristics, found in Holocene arid supertidal flats of the Persian Gulf, is advocated to be either 
a primary precipitate (Shinn, 1973; Hardie, 1987) or a replacement dolomite (seepage reflux model: 
Wells, 1962; Curtis et al., 1963; llling et al., 1965). In the seepage reflux model for dolomitization 
in arid environments, water beneath the interdunal ponds is believed to become progressively 
concentrated by evaporation, leading to precipitation of gypsum and consequent rise in the 
Mg2+/Ca2+ ratio of the water that causes dolomitization of the carbonate mud (Adams and Rhodes, 
1960; Butler, 1969). Evidence against microcrystalline dolomite formation by hypersaline brines, is 
the scarcity of evaporite minerals in the study area. These minerals have been reported, however, 
in other petrographic studies of the upper Tensleep in adjoining areas (Mankiewicz and Steidtmann, 
1979; Mou, 1980; Nordstog, 1982).
Most of the microcrystalline dolomite in the lower part of the Tensleep is likely to have been 
formed by replacement of high-magnesium carbonate mud in a mixed meteoric-marine regime. 
Although no relics of the earlier cement are observed in the thin sections, the presence of biomolds 
after former shells suggest that the precursor sediment to these dolomites was probably a bio- 
micrite. The very fine observed crystal size and total replacement of precursor sediment by dolomite 
support the hypothesis of early dolomitization. The timing of replacement dolomite formation
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postdates leaching of the unstable grains and immediately predates meteoric-phreatic calcite 
cementation as evidenced by replacement textures where in contact with early pink staining calcite 
cement. This relationship indicates that the continued development of the aquifer with falling sea 
level resulted in the mixing zone moving basinward and the fluid becoming undersaturated with 
respect to dolomite. This resulted in minor etching of dolomite by fresh waters and precipitation of 
early pink staining calcite cement.
The change in cathodoluminescence color from bright yellow-orange of primary dolomite to 
dull red of replacement dolomites is indicative of differences in relative amounts of trace elements 
in water from the environments where carbonates were precipitated. There is a general consensus 
that manganese activates and iron quenches the luminescence of the carbonates. Machel (1985) 
indicated that it is not merely the concentration of manganese and iron but, instead, the relative 
amounts of these elements in the pore waters that affect the intensity of luminescence. With an 
increasing Fe2+/Mn2+ ratio, the luminescence of dolomites shifts progressively from orange to deep 
red (Sommer, 1972; Pierson, 1981; Machel, 1985). Owing to higher Fe2+/Mn2+ ratios in marine 
water as compared to fresh waters (Drever, 1982), primary dolomites in the upper part of the 
Tensleep emit bright yellow-orange luminescence whereas it is quenched to dull red in the 
replacement dolomites of the lower Tensleep. Neither of the microcrystalline cements show zona- 
tion that might help in differentiating these replacement dolomites from later dolomite cements.
6.1.3 Silica Cementation
Apparent grain-to-grain contacts are highly variable even within single thin sections. Point 
counting analyses of samples with considerable (>5%) silica cement show an average of 26% 
tangential, 32% long, 38% concavo-convex, and 4% sutured grain contacts. A low percentage of 
sutured contacts between detrital quartz grains, an abundance of silica cement in more permeable 
coarse grained laminae, and perfect euhedral crystal overgrowths in open pore spaces suggest that 
the amount of silica cement present in these rocks is too great to be accounted for entirely as the 
product of pressure solution: additional silica must have been introduced into the system. At the
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same time, a higher number of concavo-convex contacts (Figure 6.2) and a linear relationship 
between the amount of silica cement and number of contacts per grain in sandstone units of the 
upper Tensleep are indicative of at least moderate compaction and pressure solution that caused 
the local precipitation of quartz overgrowths. Weimer (1949) observed extensive quartz cementa­
tion along axes of Laramide folds in surface exposures. Pressure solution of quartz grains during 
folding has been suggested as the principal source of silica that migrated upwards by thermal 
convection flow (Wood and Hewette, 1984; Rabinowicz et al., 1985; Leder and Park, 1986) and 
precipitated in cool axial zones.
Other potential sources of silica include silica-enriched solutions derived from clay diagenesis, 
dissolution of volcanic glass and feldspars and siliceous skeletons (Siever, 1959; Twoe, 1962; Blatt, 
1979). None of these sources, however, can provide the extensive amount of required silica 
precipitation to the study area since siliceous organisms and volcanic glassy materials are 
completely absent and clays and dissolution of feldspars are observed only in minor amounts. 
Walker (1960), Pittman (1979), and Burley and Kantorowicz (1986) described carbonate replacement 
of quartz grains as a source of silica. Replacement of quartz grains by euhedral dolomite and 
calcite, and contemporaneous silica dissolution, is observed in samples from the study area (Figures 
5.19, 6.3). This mechanism originates with silica-rich solutions at great depth. Owing to the 
increased solubility of quartz with increasing temperature and pressure, quartz dissolves while, 
simultaneously, carbonates precipitate due to their retrograde solubility relationships with 
temperature (Blatt, 1979). Millot (1970) and Blatt (1979) proposed that penetrating meteoric waters 
could also be a source of silica causing early cementation of quartz overgrowths in sandstones with 
very few grain-to-grain contacts. The equilibrium solubility of quartz in water is 6 ppm at 25°C 
whereas the surface waters average 13 ppm dissolved silica, adequate to cause cementation of 






Figure 6.2 Scanning electron photomicrograph (2,874 feet, well #  3-13-34) showing pressure 
solution (PS) and nearby silica cementation (QO) along the concavo-convex grain 
boundaries (arrow). Very little primary intergranular porosity is preserved.
Figure 6.3 Scanning electron photomicrograph (2,679 feet, well # 3-13-34) showing dissolution of 
quartz, exhibited by pitted grain surface, and subsequent replacement by dolomite 
rhombs (DOL).
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Fine-grained laminae in the dune facies have minor amounts of silica cement and are highly 
cemented with microcrystalline primary synsedimentary dolomite. This early dolomite cement may 
have protected the grains from both compaction and migrating silica-rich solutions and, thus, 
minimized silica cementation.
6.1.4 Poikflotopic Calcite Cementation
The predominance of floating detrital grains and grains having point contacts with only one or 
two adjacent grains in calcite-cemented sandstone beds of the upper Tensleep suggest that very 
little burial and slight compaction took place before calcite was introduced as a cement. The num­
ber of contacts per grain, which has been used as an index of degree of compaction (Taylor, 1950), 
is as low as 1.5 in sandstones containing this early cement. Intergranular volume (IGV) in calcite- 
cemented patches ranges up to 32%. These characteristics suggest that poikilotopic calcite 
precipitation took place early in the diagenetic history of the Tensleep, during shallow burial. 
Confinement of this phase of calcite cement to the uppermost beds and to coarse, porous laminae 
suggests that these cements may have precipitated from percolating groundwater near the recharge 
area of the meteoric paleoaquifer system. Early dolomitization may have prevented these waters 
from entering and precipitating calcite in the fine-grained, dolomite-rich laminae. This poikilotopic 
calcite cement is interpreted to have been formed from waters introduced at the unconformity at the 
top of the Tensleep. Pink staining and bright yellow luminescence of this cement supports 
precipitation from near surface, relatively oxidizing fluids.
6.2 Burial Diagenesis
6.2.1 Ferroan Calcite Cementation
A burial origin is suggested for this purple-blue staining cement because it postdates early pink 
cements and the onset of significant compaction (more than 1000-2000 ft; Sailer, 1984). This origin 
is best displayed where the cement fills the compaction fractures associated with stylolitization 
(Figure 5.13). As indicated by the purple and blue stains, this cement was precipitated from Fe2+-
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rich reducing waters. The Fe2+ in formation waters may have been released during burial diagenesis 
of clays (Boles and Franks, 1979). The presence of stylolites and coalesced crystal boundaries in 
the dolomite section of the lower Tensleep suggests that ferroan calcite precipitation may have been 
promoted by pressure solution of carbonates (Hower et al.,1976). It is likely that the pressure 
solution in the local section is sufficient to account for this quantitatively minor burial cement. In 
this case, the fluids might have acted as a passive transporting medium for calcium and carbonate 
ions generated largely in place.
6.2.2 Dolomite Cementation
Petrographic evidence from authigenic dolomite suggests that this phase of cementation was 
a relatively late diagenetic event (post-stylolite formation and post-silica and early calcite 
cementation). The xenotopic form and saddle dolomite habit are compatible with burial, and are 
considered to indicate elevated temperatures (>75°C) of precipitation (Choquette, 1971; Radke and 
Mathis, 1980; Gregg and Sibley, 1984). Subhedral/anhedral mosaic dolomite crystals, which 
overgrow coalesced grain boundaries, indicate that dolomite cementation took place after some 
pressure solution at grain contacts. The chemical components required to form the authigenic 
dolomite may have been derived from pressure solution of microcrystalline replacement dolomites. 
Although geochemical study of these dolomites is beyond the scope of this study, several studies 
of dolomite geochemistry indicate that dolomites formed by late burial diagenesis or recrystallization 
of earlier metastable phases are isotopically light and stoichiometric (Land, 1985; Hardie, 1987; 
Smith and Dorobek, 1989; Nelson and Read, 1990; Wallace, 1990). Many of the petrographic 
features, like xenotopic shape and saddle dolomite, dolomitized stylolites, and replacement of earlier 
calcite cements, can also be explained as having developed during recrystallization (Wallace, 1990). 
Such geochemical and fabric alteration could occur only if the original dolomite was precipitated 
as a metastable, partly-ordered phase. This hypothesis is analogous to the recrystallization of 
aragonite to low-magnesian calcite during diagenesis (Land, 1980). In this model, the required 
quantity of magnesium may be supplied in part by sea water and in part by dissolution of metastable
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precursor dolomites. The identity of the dolomite cement in the Tensleep is, thus, suggested to be 
the result of a late stage recrystallization of earlier unstable dolomites, rather than initial dolomitiza­
tion of micrite. As these late cements tend to be concentrated either within or very near the 
neighboring fine-grained replacement dolomites, their trace elemental composition should be very 
similar to their precursor. This idea is supported by the identical cathodoluminescence colors and 
lack of chemical zonation in subhedral/anhedral dolomite cements and microcrystalline replacement 
dolomites (Figures 5.7B, 5.15).
The only phase of dolomite cement that is geochemically distinct and zoned in catho­
doluminescence is the latest euhedral rhombic dolomite. This phase indicates that the major 
dolomite recrystallization event is followed by open system conditions leading to the precipitation 
of euhedral dolomite cement. It is suggested, therefore, that the latest phase of dolomite cement 
precipitated from an evolved generation of pore waters during the late stage of recrystallization or 
from meteoric recharge waters during Laramide disruption.
6.2.3 Clay Precipitation
Given the general absence of lithic fragments, the well-sorted nature of the sandstone units of 
the Tensleep, and other observed petrographic relationships described in Chapter 5, most if not all 
of the clay in the upper Tensleep is interpreted to be authigenic. Authigenic mixed-layer illite- 
smectite (Figure 5.29) may have formed contemporaneously with dolomite cement. The occurrence 
of authigenic clay on the surface of dolomite cement and the replacement of dolomite by authigenic 
clay, however, suggest that clay precipitation postdates dolomite cementation. Clay replacement 
of detrital grains and their overgrowths and carbonate cements (Figures 5.19A, 5.29, 5.31 and 5.32) 
also suggests that clay precipitation occurred late in the diagenetic history of the Tensleep 
Sandstone. The precipitation of authigenic clay minerals reflects changes in the chemistry of the 
pore fluids, possibly the result of an influx of meteoric waters. As a result of these changes in fluid 
composition, clay seams and transported clay cutans on detrital grains became unstable. This
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instability may have resulted In the transformation of minor amounts of detrital smectite to authigenic 
mixed-layer illite-smectite.
6.3 Diagenesis Following Uplift
6.3.1 Late Fracture Filling Calcite Cementation
Late stage, complexly-zoned calcite cement occurs in fractures and some intergranular/inter- 
crystalline pore spaces. The pink stain and bright yellow-to-dull-red luminescence of this cement 
indicate a decrease in Fe2+ content. This decrease in reduced iron is probably related to increas­
ing Eh and/or dilution by meteoric fluids. Fracturing of the Tensleep Sandstone during the Laramide 
uplift coupled with an increased hydraulic head that pushed meteoric fluids into the buried Tensleep 
through fractures may have enabled the formation of this cement. Migration of meteoric fluids within 
the tectonic fractures is suggested by the confinement of this calcite phase to these fractures or in 
very narrow zones surrounding these fractures.
6.3.2 Hydrocarbon Migration and Accumulation
Based on the maturation history and general similarity between crude oils produced from the 
Park City Formation and most of the upper Paleozoic reservoirs in the Rocky Mountain region, 
several authors, including Sheldon (1967), Barbat (1967), Stone (1967), Keefer (1969) and Edman 
and Surdam (1984), believe that black phosphatic and carbonaceous shales of the Permian 
Phosphoria Formation are the source for the oil found in the Tensleep and age equivalent Minnelusa 
Formations. Sheldon (1967), Stone (1967), Barbat (1967), and Keefer (1969) conclude that the 
geological conditions (difference in overburden pressure and regional westward dip of strata across 
Wyoming) were such that primary eastward migration of hydrocarbon could have initiated during 
early Jurassic time and been completed by early Cretaceous time. Keefer (1969) suggests that an 
appreciable amount of migrating hydrocarbon fluid could have been trapped locally in structural and 
erosional irregularities beneath the Permo-Pennsylvanian unconformity along the western edge of 
the Wind River basin. In the study area, however, migration of oil appears to be tectonically
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controlled and may have been emplaced in the South Casper Creek Field after Laramide tectonism. 
Evidence for post-Laramide migration in the study area is observed in thin sections where tectonic 
fractures produced during the Laramide Orogeny are partially filled with calcite cement with the 
remaining fracture porosity containing hydrocarbon (Figure 5.39). This relationship suggests that 
hydrocarbon migration post-dates and terminates the latest phase of calcite cementation. If 
hydrocarbon migration were pre-Laramide for the South Casper Creek reservoir, the hydrocarbon 
would have inhibited precipitation of the late calcite cement. Similar phenomena are observed on 
a larger scale in core samples from the study area where the tectonic fractures are partially sealed 
with calcite cement but are oil-stained (Figure 6.4), suggesting hydrocarbon migration through these 
fractures which terminated additional precipitation of calcite. Brecciation of some core samples 
may have been caused by the forceful injection of hydrocarbon into the matrix (Figure 6.5). Edman 
and Surdam (1984), on the basis of vitrinite reflectance and burial history of the Phosphoria 
Formation in the Tip Top field in western Wyoming, conclude that the generation of liquid 
hydrocarbon in the Phosphoria shale did not begin until slightly before the Sevier Orogeny 
(equivalent to the Laramide Orogeny in central Wyoming). This observation, combined with the 
textural evidence exhibited in thin sections and core slabs, indicates that Laramide fractures may 
have served as migration pathways for hydrocarbon from the Phosphoria into the Tensleep reservoir 
in South Casper Creek field. The major Owl Creek thrust fault, that passes immediately south-west 
of the study area, has at least 5,000 feet (1,525 meters) of vertical displacement in the vicinity of the 
South Casper Creek field (Keefer, 1969). This displacement would place the older Tensleep 
Sandstone above younger Permian Phosphoria and Mesozoic rocks. Thus, the migration of 
hydrocarbon from Phosphoria to the Tensleep reservoir in the South Casper Creek area probably 
occurred in post-Laramide time and was tectonically controlled.
6.3.3 Pyrite Cementation
Pyrite is generally associated with early pink staining, mold-filling calcite cement in lower 
dolomite beds and with early poikilotopic calcite-cemented sandstone facies of the upper Tensleep.
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Figure 6.4 Core slab photographs (A. 2,863 feet and B. 2,885 feet well #  3-13-34) showing oil- 
stained tecton ic fractures and dissolution vugs along these fractures. Note that euhedral 
shining crystals of calcite have partially filled the fracture and d issolution vugs (green 
arrows). The precip itation of calcite may have ceased at the onset of hydrocarbon 
m igration in the rock.
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Figure 6.5 Core slab photograph (2579 feet, well #  10-6-3) showing fracturing and brecciation in 
a sandy dolom itic  bed. This brecciation may have been caused by forceful injection 
of hydrocarbon into the matrix during m igration.
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This pyrite, as mentioned by Mankiewicz and Steidtmann (1979), may have formed shortly after 
deposition in the reducing environments resulting from microbial sulfate reduction. Active sulfate 
reduction in recent sabkha sediments has been documented by Butler et al. (1973). Replacement 
of all types of later generations of carbonate cements and also clay by pyrite, however, suggests 
that there is also a late phase of pyrite cementation, possibly related to sulphate reduction following 
hydrocarbon emplacement. High concentrations of H2S in produced waters from the Tensleep in 
the South Casper Creek field indicate that pyrite is a stable mineral, at present. Pyrite, therefore, 
represents the most recent diagenetic event in the Tensleep Sandstone.
6.4 Diagenetic History
By comparing all the information from petrographic analysis, scanning election microscopy and 
cathodoluminescence analyses, an interpretation of the sequence of diagenetic events for the 
Tensleep Sandstone can be made (Figure 6.1).
Deposition of biomicrite sediment in subtidal environments in late Pennsylvanian times was 
followed by deposition of quartz, K-feldspar, clastic dolostone and heavy mineral grains in a near­
shore marine and eolian dune environment. Leaching of the unstable, high Mg-calcite grains in the 
lower Tensleep by meteoric water occurred very early. Dolomitization of high-magnesium carbonate 
mud in a mixed meteoric-marine regime was the next diagenetic alteration in the lower part of the 
Tensleep. This is evidenced by dolomite crystals floored in biomold created by dissolution of fossil 
fragments (Figure 5.6). Pink staining early calcite cementation followed the replacement of micrite 
and filled the biomolds. Thin beds of sandy dolomite in the upper Tensleep indicate that pene- 
contemporaneous dolomite precipitation took place during deposition of these sediments. Quartz 
and K-feldspar overgrowths, typically with euhedral faces encased in poikilotopic calcite cement, 
were formed before this episode of calcite cementation. The primary dolomite and poikilotopic 
calcite cements locally prevented mechanical compaction of the detrital silicate grains.
The early diagenetic changes in the Tensleep Sandstone are indicative of arid climate and 
evaporitic conditions in an oxidizing environment. Precipitation of primary dolomite and replacement
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of quartz by carbonate cements indicate the existence of alkaline waters (pH >8.5) at this time. 
Wind driven abrasion of quartz sand in the eolian regime may have produced chips of very fine 
size that were readily dissolved in these surface waters (Todd, 1963). This source of silica, in 
conjunction with silica released by carbonate replacement of quartz, may have produced the quartz- 
supersaturated solutions that were responsible for early silica cementation in the Tensleep 
Sandstone.
With increasing depth of burial, the dolomites of the lower Tensleep were stylolitized and 
compactional fracturing disrupted these beds. These compacted fractures were subsequently filled 
with ferroan calcite cement. Dissolution of earlier unstable phases of microcrystalline dolomites and 
their recrystallization into stable stoichiometric phases of dolomite cement occurred with increasing 
depth of burial. At the same time, detrital quartz and feldspar grains in the uncemented parts of the 
upper Tensleep were partially dissolved due to an increase in their solubility with increasing depth 
(temperature and pressure).
Dissolution-recrystallization of dolomites and silica dissolution continued until the Tensleep 
reached its maximum depth of burial near the end of the Cretaceous period. Concurrently, minor 
amounts of authigenic clay precipitated in pores and slightly replaced the detrital grains and all the 
earlier authigenic phases including quartz overgrowths, calcite and dolomite cements. At this time, 
pressure solution of quartz grains may have produced oversaturated solutions that are responsible 
for rarely observed late-stage silicification of carbonate cements. Development of these authigenic 
phases during burial diagenesis suggests the involvement of alkaline fluids, similar to those present 
at the time of deposition. High topographic relief resulting from arching in the Jurassic (Blackstone, 
1963), may have forced meteoric waters into the subsurface Tensleep under high hydrostatic head. 
This introduction of foreign waters changed the pore water chemistry and resulted in dissolution of 
dolomite and creation of secondary porosity in the Tensleep.
Fracturing of the Tensleep Sandstone took place after its maximum burial. As mentioned by 
Fox et al. (1975) and Mankiewicz and Steidtmann (1979), the Tensleep fracturing was probably
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associated with faulting and folding of strata during the Laramide Orogeny. Meteoric water influx 
through Laramide fractures caused additional dissolution of dolomite and development of vugs 
along these fractures in the Tensleep Sandstone (Figure 6.4). These meteoric waters, believed to 
have become saturated with respect to Ca2+ ions while passing through anhydrite beds of the 
overlying Phosphoria Formation, precipitated calcite cement along the fractures in the Tensleep 
Sandstone.
Organic matter in shaly beds of the Phosphoria Formation was displaced to a position deep 
in the basin along the Owl Creek thrust fault. Hydrocarbon generation was followed by migration 
and accumulation in all the accessible pore spaces in the Tensleep reservoir of the South Casper 
Creek domai structure.
Pyrite is the youngest authigenic mineral observed. The irregular masses of pyrite appear to 
cut across most authigenic cements although no direct relationship with the latest phase of fracture- 
filling calcite is observed in thin sections.
T-3955 108
Chapter 7
DIAGENESIS AND RESERVOIR QUALITY
The original reservoir properties of the Tensleep Sandstone have been significantly modified 
through different diagenetic processes including mechanical compaction, pressure solution, 
cementation, dissolution of framework grains and authigenic cements, and recrystallization. The 
role of each of these processes and their relative importance in determining the final reservoir 
qualities in South Casper Creek field is discussed in this chapter.
7.1 Mechanical Compaction
Mechanical compaction is a dominant physical process altering the original porosity in 
sandstones during the early stage of diagenesis, approximately during the first 3,000 to 5,000 ft 
(1,000 to 1,500 m) of burial (Fuctbauer, 1967; Houseknecht, 1984). The original porosities for well 
sorted, rounded dune sands in orthorhombic packing are about 40% (Rittenhouse, 1971; Beard and 
Weyl, 1973; Pryor, 1973). These original porosities can be reduced to 26% by simple rearrangement 
of grains from orthorhombic packing into rhombohedral packing through mechanical compaction. 
This porosity loss occurs very early after deposition of sandstones (Rittenhouse, 1971; Beard and 
Weyl, 1973; Houseknecht, 1984). The contribution of this process alone in destruction of the original 
porosity values can only be quantified in samples with no authigenic cements and having all 
intergranular pores of primary origin. As no such samples have been found in the study area, the 
effect of the compactional process could not be quantified. However, higher intergranular volumes 
(>26%) in most of the samples with original undissolved grain boundaries suggest that compaction 
may have been arrested before its completion by extensive early cementation.
7.2 Pressure Solution
After mechanical rearrangement of the grains, intergranular pressure solution is another 
important process of porosity reduction in sandstones during burial diagenesis. This process affects 
detrital quartz grains and has been best documented in quartzose sandstones (Sibley and Blatt,
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1976; Houseknecht, 1984). Porosity reduction occurs due to corrosion along stressed portions of 
quartz grain contacts with resultant closer packing. The silica dissolved at pressure-solution con­
tacts migrates outward towards pore spaces (down chemical potential gradients) and precipitates 
locally as quartz cement on unstressed portions of the grains (Weyl, 1959; deBoer, 1977; Sprunt 
and Nur, 1976; Robin, 1978). This precipitation following pressure solution can further reduce the 
primary porosity in quartzose sandstones (Waldschmidt, 1941; Houseknecht, 1984; McBride, 1989).
Pressure solution contacts are observed in only a few Tensleep samples (Figure 6.2) that are 
characterized by high numbers of grain contacts and low amounts of cement. A high percentage 
of tangential grain-to-grain contacts (32%) as compared to sutured contacts (4%) indicates that 
pressure solution, like mechanical compaction, is also not a quantitatively significant mechanism of 
compaction in the Tensleep samples from the South Casper Creek field.
There is a general assumption that higher porosities are preserved in units with less 
compaction. Interestingly, reduced compaction (smaller number of grain contacts) does not reflect 
better porosity values in the Tensleep samples (Figure 7.1). On the contrary, in these rocks less 
compaction is associated with lower porosities because reduced compaction is almost always 
associated with larger amounts of early cements (Figure 5.1, 5.4 and 5.5).
7.3 Cementation
Porosity reduction because of cementation may have commenced with chemical precipitation 
from oversaturated solutions in pore spaces immediately after deposition of the Tensleep Sandstone. 
Early cementation that occluded the major part of the primary porosity in the Tensleep Sandstone 
acted as a buttress against further compaction and localized the effects of compaction in the 
uncemented parts of the rock only. Intergranular volume (IGV), which is the sum of cement and 
total intergranular porosity volumes (Heald, 1956; Fuchtbauer, 1983), has been used to estimate 
the time of cementation (Fiichtbauer, 1967). For example, if a completely cemented sandstone has 
40% IGV, cementation must have occurred soon after deposition. On the other hand, if a 
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Figure 7.1. Relationship between porosity and number of grain contacts per grain (compaction) 
in the Tensleep Sandstone, South Casper Creek Oilfield.
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sandstone lost 25% of its original porosity (40%) by physical compaction. For partially cemented 
sandstones, the original porosity at the time of cementation may have been somewhat higher than 
the IGV, as compaction would have continued in the uncemented parts of the rock. In sandstones 
where detrital grains have been pervasively replaced by authigenic cements, original porosity at the 
time of cementation may have been much lower than the IGV.
Although minor replacement of detrital quartz grains by dolomite and calcite cements is 
observed in thin sections, IGV still can be used to determine the original porosity prior to 
cementation and, in turn, to quantify the relative importance of compactional processes versus 
cementation in the destruction of original porosity in the Tensleep Sandstone. For this purpose, 
point count data of core samples from well #  3-13-34 are plotted on a diagram originally designed 
by Houskenecht (1987) (Figure 7.2.) The vertical axis in this figure represents IGV with the 
assumption that well-sorted sand has an original porosity of 40%. This axis can also be used to 
quantify the percentage of original porosity that has been destroyed by mechanical and chemical 
compaction. The horizontal axis of Figure 7.2 represents the percentage of total cement present 
in the rock and can also be used to estimate the original porosity destroyed by cementation. More 
than 90% of the Tensleep samples plot in the upper-right portion of the diagram, indicating that 
more of their original porosity has been destroyed by cementation than by compactional processes. 
The mean values for all data plotted (indicated by triangle on Figure 7.2) are 33.62% intergranular 
volume and 17.33% cement. Assuming that the original porosity of the Tensleep was 40%, only 16% 
of the original porosity has been destroyed by compactional processes, whereas 44% has been 
destroyed by cementation. The predominance of floating grains having fewer than 1.6 grain 
contacts (the empirical value for well-sorted, loose sand grains; Taylor, 1950) in samples with early 
calcite and dolomite cements (Figures 5.3 to 5.5) indicate the importance of early cementation in 
destroying the original porosity in the Tensleep Sandstone. As mentioned by Houseknecht (1987), 
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Figure 7.2. Intergranuiar volume vs. cement data for upper Tensleep Sandstone, well # 3-13-34 
South Casper Creek field. The diagram evaluates the relative importance of comp­
actional processes and cementation to porosity development. Note that most of the 
samples plot in the upper right portion of the diagram, indicating that a larger 
percentage of their original porosity has been destroyed by cementation than by 
compactional processes. (Diagram from Houseknecht, 1987).
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falls above the 40% limit of IGV (Figure 7.2) is in accordance with the petrographic studies which 
show replacement of framework grains by authigenic cements and their subsequent dissolution 
(Figures 5.36-5.38, 6.3 and 7.3).
Point count analyses of core samples also reveal a negative correlation between porosities and 
total volume of cement (Figure 7.4). Two sets of points deviate from the linear correlation trend. 
The samples that plot towards the top left of Figure 7.4 represent samples from sandy dolomite 
facies with higher amounts of microcrystalline dolomite cement. As interpreted in Chapter 6, the 
precipitation of this primary dolomite cement may have occurred penecontemporaneously with 
deposition before any packing framework was constructed by detrital grains. There is another group 
of samples that plot immediately below the correlation line on the zero porosity line. These data 
points represent clay matrix rich samples from the top of the Tensleep Sandstone and are 
completely cemented by early poikilotopic calcite cement (Figure 5.4 and 5.23).
Dolomite and quartz overgrowths are the two major cements that played important roles in 
reducing the porosity in sandstone units of the Tensleep. Dolomite cement, although present in 
both stratification types of crossbedded sandstones, is more pervasive in wind ripple than in grain 
flow laminae. The distribution of dolomite cement in alternating fine-grained laminae has affected 
the fluid flow and has considerably reduced the vertical permeability of the rock. Tanean (1991) also 
observed the poorest reservoir quality in core plugs oriented vertical to the bedding plane. A cross­
plot of porosity versus dolomite contents (data from point count analysis) of core samples from 
wells #  3-13-34 and 10-6-3 also shows an inverse relationship between these two parameters 
(Figure 7.5). As mentioned in Chapter 5, quartz cement is concentrated in relatively coarser-grained, 
porous grainflow laminations. This cement precipitated in the pore spaces from migrating silica- 
rich solutions whereas the early precipitation of microcrystalline dolomite cement prohibited these 
solutions from entering the finer-grained wind ripple laminae.
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Figure 7.3. Scanning electron photom icrograph (2678.8 feet, well # 3-13-34) showing dissolution














Samples from sandy dolomite facies
50
40
30 - Samples hoi in day matrix 
and completely cemented by 
cokilotopic calcite cement
20 -
0 10 20 30
Porosity (%)
Figure 7.4. Porosity versus cement plot showing linear correlation between porosity 
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Figure 7.5. Dolomite contents versus porosity (thin section) plot for samples from 
well #3-13-34 and well # 10-6-3, South Casper Creek Oilfield.
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The silica cement-rich grain flow laminae show better reservoir quality. These laminae, being 
porous and permeable, were more susceptible to invasion by pore waters. These waters, have 
precipitated early authigenic cements and later have also dissolved some detrital and authigenic 
components thereby producing the best reservoir quality within these laminae. A quartz cement 
versus porosity plot, therefore, does not show any specific correlation between these two 
parameters but, in general, porosity values are higher in moderate ranges (5-10%) of silica cements 
(Figure 7.6). Lower porosity values in samples with less silica cement can be reconciled as these 
samples are rich in dolomite contents. The samples with lower porosity and high silica cement may 
be a combined result of both cementation and compactional processes.
Point count data reveal that dolomite contents in the Tensleep Sandstone increase with 
increasing depth whereas dolomite has an inverse relationship with porosity. These relationships 
are shown in Figure 7.7. Such relationships for silica cements could not be established as the 
authigenic silica content in samples from well #  10-6-3 have not been point counted as a separate 
phase by Tanean (1991). Observations made in this study regarding the relationship of both 
dolomite and silica cements with porosity and depth are in contrast to the earlier, regional study of 
the Tensleep by Fox et al. (1975). They concluded that the porosity decline with depth is related 
to increasing amounts of silica cements in the deeper part of the basin. They also interpreted the 
source of silica-rich solution as migrating upward from the deep basin. If that were the case, the 
silica, in all liklihood, should have precipitated at shallow depths rather than in deeper parts near its 
source. Moreover, the amount of silica cement point counted in their study does not show 
significant trends, as concluded in their study.
Cementation is the most efficient way to decrease permeabilities in reservoir rocks since 
cements precipitated on grain surfaces diminish pore-throat sizes rapidly. For the sandstone units 
which are lightly cemented by dolomite and/or silica cement, porosities are only slightly reduced, 
whereas permeabilities are greatly reduced. For example, a core sample from 2667.3 ft from well 
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of the early pore-filling cements have considerably reduced the primary porosity and affected the 
permeability of the sand units by reducing the pore-throat sizes (Figures 5.19 and 7.8). Considering 
the relationship between reservoir properties and cementation (Figures 7.4 and 7.5), it appears that 
the reservoir properties can be predicted if the volume of cement can be ascertained. It also 
appears that volume of dolomite controls the reservoir quality in the Tensleep Sandstone.
7.4 Dissolution
In the previous sections, I have discussed the processes that lead to the destruction of the 
original porosity in the Tensleep reservoir. These processes, as shown in Figure 7.2, were 
responsible for destruction of 60% of the primary porosity. After the effects of compactional 
processes and cementation, the Tensleep Sandstone was left with only about 16% porosity (40% 
of its assumed original porosity), whereas the average porosity of the best reservoir facies (cross­
bedded sandstone) is about 21 % (Table 7.1). In this section I will discuss the process of dissolution 
that enhanced the porosity from 16 to 21%.
Dissolution of relatively unstable components in a rock, such as fossil fragments, feldspar 
grains, rock fragments, and authigenic cements, is one of the major mechanisms forming secondary 
porosity. Hayes (1979) argues that secondary porosity in sandstone is more abundant than primary 
porosity. Schmidt and McDonald (1979) suggest that at least one third of total sandstone porosity 
is of secondary origin and is created mainly by the dissolution of early diagenetic carbonate 
minerals. Hayes (1979) and Seibert et al. (1984), apart from recognizing the dissolution of carbonate 
minerals, also emphasize the role of direct dissolution of framework grains.
Petrographic study of the Tensleep core samples from the South Casper Creek area shows that 
dissolution of detrital K-feldspar and quartz grains and microcrystalline dolomite cement has created 
significant (25 to 38% of present porosity) secondary porosity. Detrital K-feldspar grains range from 
6-13% in the fine-grained wind ripple laminae and up to 6% in the porous grain flow laminations. 
Partial to complete removal of these grains in the grain flow laminae has produced oversized
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Figure 7.8 Scanning electron photom icrograph (2760.4 feet, well #  3-13-34), showing pore filling
dolom ite  cement that has considerably reduced the pore-throat size.
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pores that have contributed to the creation of secondary porosity (Figure 5.36 and 5.38B). Early 
dolomite precipitation in finer-grained wind ripple laminae protected these unstable grains from 
dissolution. Similarly, dissolution of detrital quartz grains, recognized under petrographic and 
scanning electron microscope by corroded grain surfaces, indicates its role in creating the present 
day porosity values in the Tensleep reservoir (Figures 5.34, 6.3 and 7.3).
Relicts of microcrystalline dolomite cements in oversized pores (Figures 5.37A and 7.9) and 
recognition of partially dissolved dolomite rhombs in intergranuiar pores (Figure 7.9 and 7.10) 
suggest that dissolution of the early phase of microcrystalline dolomite cement played the most 
important role in porosity enhancement for in the upper Tensleep Sandstone. Dissolution of 
dolomite cement also created secondary vuggy porosity in the dolomite beds of the lower Tensleep 
(Figure 5.27) but these vuggy pores, because of poor interconnection, could not enhance the 
reservoir quality of these dolomite-rich facies. Similarly, early leaching of isolated unstable fossil 
fragments in fossiliferous dolomite facies (Figure 5.7) does not enhance the effective porosity of 
these units.
7.5 Recrystallization
Recrystallization of authigenic cements is often considered a porosity reduction process in 
sandstones (Hayes, 1979). On the other hand, secondary porosity can be created when 
recrystallization results in volume reduction, as shown by some secondary porosity that has formed 
in dolomite beds rich in microcrystalline replacement dolomite (Figure 7.11). This microporosity 
is created by a 13% volume reduction during dolomitization of precursor carbonate matrix (Weyl, 
1960). The resulting dolomite rhombs are often too small for intercrystalline porosity to be effective. 
Moreover, later compaction and stylolitization in these sediments and recrystallization of these 
replacement dolomites into anhedral/subhedral dolomite destroys almost all of these intercrystalline 
pores (Figure 5.11). Recrystallization of gypsum to anhydrite results in a 38% volume reduction 
which is believed to have made a singificant contribution to present day porosities in the Tensleep
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Figure 7.9 Scanning electron photomicrograph (2652.6 feet, well tt 3-13-34) showing a pore 
cemented with quartz overgrowths (QO), dolomite cement and authigenic clay. Later 
dissolution of dolomite cement created a secondary dissolution pore (PO). Relicts of 
dolomite rhombs (arrow) are still seen in the pore.
Figure 7.10 Enlarged view of the same showing dissolution of dolomite rhomb.
500 ̂ m
Figure 7.11 Photom icrograph (2873.7 feet, well #  3-13-34) showing intercrystaliine micro-porosity 
in sandy dolom ite bed of the Lower Tensleep.
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Sandstone and the Minnelusa Formation in Wyoming (Mou and Brenner, 1982; Marked and Al- 
Shaieb, 1984). As no anhydrite cement is observed in core samples from the Tensleep horizon in 
the study area, the role of this transformation in enhancement of reservoir quality cannot be 
deciphered in this work.
7.6 Facies Control on Diagenesis and Reservoir Quality
Many of the factors that control diagenesis in siliciclastic rocks can be related directly or 
indirectly to processes operating during original sediment deposition (Stonecipher et al., 1984). 
Each depositional environment produces a lithofacies with a specific, limited range of petrophysical 
characteristics such as grain size, sorting, sand/shale ratio, sedimentary structures and sand body 
geometries, etc. that control fluid flux through these rocks and also indirectly control the pore fluid 
composition (Potter, 1967; Pettijohn et al., 1987).
As discussed in Chapter 5, each lithofacies in the Tensleep Sandstone is characterized by 
different sedimentary and biogenic structures and other internal stratification types. Mineral 
distribution and reservoir properties of each of these lithofacies is given in Table 7.1. Grain flow and 
windripple stratification types that dominate the cross-bedded sandstones in the study area exhibit 
different diagenetic alterations. Wind ripple laminations are characterized by very fine grain size, 
higher K-feldspar, dolomite and clay contents, and low porosity and permeability values. On the 
other hand, grain flow laminations are relatively poor in dolomite and K-feldspar contents, have 
high amounts of quartz overgrowths and good reservoir quality. Grain flow laminations, being more 
porous and permeable to invading fluids, were more susceptible to precipitation of quartz 
overgrowths and later dissolution of k-feldspar and quartz grains and carbonate cements. Wind 
ripple laminations, alternatively, became completely impervious to further fluid flux, after they were 
cemented by early dolomite cements. Alternation of these stratification types with different reservoir 
properties has effectively separated the Tensleep reservoir on a micro scale into many layers. These 
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body because the effective permeability of these units will be influenced by, and largely determined 
by, the units with lower permeabilities (Pryor, 1973).
Similarly, sandy dolomite lithofacies of interdunal origin have very low porosity and permeability 
values. These facies have also compartmentalized the reservoir sands on a macroscale.
Cross-plots for porosity versus logarithm of permeability values for each lithofacies described 
in Chapter 5 provide a quick-look comparison of their reservoir quality (Figure 7.12). Cross-bedded 
sandstone lithofacies of eolian origin show the best reservoir characteristics. Deformed cross­
bedded, wavy-bedded, and burrowed sandstones have moderate reservoir quality; whereas, sandy 
dolomites and dolomite facies of the lower Tensleep are regarded as non-reservoir facies.
Facies analysis of the Tensleep cores from well #  3-13-34 (north dome) and well #  10-6-3 from 
south dome reveals that the upper part of the Tensleep Sandstone in the south dome is dominated 
by cross-bedded sandstone lithofacies of eolian origin with very few interdunal sandy dolomites. 
The upper Tensleep in the north dome, on the other hand, has a relatively limited thickness of 
eolian deposits with a higher proportion of interbedded sandy dolomites. It is proposed that the 
different reservoir qualities in these adjoining domes is controlled by facies distribution and 
subsequent diagenetic alterations.
7.7 Comparison to Other Studies of Tensleep Diagenesis
Some of the conclusions made in this study do not agree with earlier interpretations of 
Tensleep diagenesis in neighboring basins in Wyoming. The use of cathodoluminescence 
microscopy in this study enabled the identification of multiple generations of dolomite and calcite 
cements that were not observed in previous petrographic studies. A comparison of previous studies 
































































































Figure 7.12. Log permeability versus porosity plots for all facies of the Upper Tensleep 
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The Tensleep Sandstone in the South Casper Creek area, Wind River basin is composed of 
interbedded eolian-to-nearshore marine sandstones and subtidal-to-coastal pond dolomites. The 
vertical facies relationships of these sandstones and dolomites document transgressive-regressive 
cycles that are the result of the relative rise and fall of sea level on the Wyoming Shelf during 
Pennsylvanian time. Diagenetic alterations started very early in the depositional history of the 
Tensleep Sandstone. Primary dolomite cement was precipitated from hypersaline evaporitic brines 
in the upper Tensleep sands penecontemporaneous with deposition. Further porosity reduction 
in the upper Tensleep reservoir sands was caused by quartz, K-feldspar and calcite cements. These 
cements were precipitated shortly after deposition in near-surface environments, before significant 
mechanical compaction of framework grains. These early cements, by filling pores, served as 
localized buttresses against further compaction of framework grains during additional burial. 
Meanwhile in the lower Tensleep, leaching of unstable high-Mg grains and dolomitization of micrite 
created some secondary porosity in near surface environments that was subsequently occluded 
by calcite cement precipitated from fresh meteoric waters.
During burial, where early cements were absent, compaction and additional silica cementation, 
recrystallization of early dolomite cement and clay precipitation further reduced the porosity and 
permeability of the Tensleep Sandstone. As a whole, porosity destruction was mainly a function of 
early cementation and compactional processes played a very minor role.
Late diagenetic dissolution of framework grains and carbonate cements, and fracturing of the 
Tensleep during the Laramide Orogeny resulted in the present-day porosity and permeability of the 
rock. Open tectonic fractures that are not filled with the latest phase of calcite cement have locally 
improved the reservoir permeability. Hydrocarbon migration in the Tensleep reservoir at the South 
Casper Creek took place after the Laramide orogeny, ceasing all further diagenetic alterations.
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Diagenesis of the Tensleep Sandstone has been primarily controlled by its depositional facies. 
Each lithofacies with its characteristic mineral composition and sedimentary structures was 
deposited in a different depositional environment. These lithological characteristics strongly 
influenced the diagenetic alterations that subsequently occurred in the Tensleep Sandstone.
Because the diagenetic model presented in this study is based on conventional petrography 
and cathodoluminescence studies, correlations with tectonic history and changing hydrological 
regimes are inferred on the basis of indirect evidence. It is proposed that additional work involving 
trace element and stable isotope comositions of carbonate cements, and geochemical modelling 
of subsurface formation waters from wells with considerable depth control be carried out on the 
basin scale to complement the results of this study.
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